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Abstract 
Laser beam cutting is an attractive and innovative manufacturing process which has many 
advantages compared to conventional cutting methods. However, with increasing workpiece 
thickness an increase of the roughness along the kerf surface can be observed, which, in turn, 
can negatively affect the mechanical properties, in particular the fatigue strength. In this 
context, the impact of laser cutting on fatigue behavior is discussed in this work. Specimens 
were cut out by disk laser from sheets with 2 mm, 4 mm and 6 mm thickness made of 
metastable austenitic stainless steel type AISI 304. Fatigue specimens with different surface 
conditions were tested in order to separately evaluate the influence of the different kinds of 
macroscopic defects produced by the cutting process. Additionally, the notch effect sensitivity 
for different amounts of deformation-induced α'-martensite induced before cyclic tests was 
evaluated using a specific notch geometry. Furthermore, based on the fact that high frequency 
testing is performed in the present investigation, the likely influences of test frequency on 
material response must be considered. For this reason and because metastable austenitic 
stainless steels are well known for their strain rate sensitivity [1, 2], the steel AISI 304 and the 
role of surface micro-defects produced by laser beam cutting were analyzed regarding the 
influence of load frequency on the cyclic response and fatigue behavior, and the findings of 
the investigation are thoroughly discussed in this work. Fatigue tests were performed at load 
frequencies of 100 Hz and 1,000 Hz using two resonance pulsation test systems, as well as by 
means of a servo-hydraulic test machine at 1 Hz and 50 Hz. Fractographic analyses served to 
evaluate the failure-relevant characteristics responsible for crack initiation. Moreover, 
scanning electron microscopy was used to assess the changes caused by laser cutting on the 
geometrical and microstructural features. The qualitative analyses of the cut kerf 
characteristics were accomplished by means of optical microscopy. The cyclic deformation 
behavior was characterized based on the evaluation of stress-strain hysteresis loops and 
temperature measurements. The deformation-induced phase transformation from γ-austenite 
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to α'-martensite was globally and locally evaluated by means of magneto-inductive 
measurements and electron backscattered diffraction analysis, respectively. The analyses 
showed that laser beam cutting creates three kinds of defects, which are a pronounced relief-
like structure along the cut surface, burr in the underside of the cut edge and pores in the 
interface between the recast layer and base material or inside the recast layer. As a 
consequence, the fatigue strength of parts cut by laser beam is around 40% lower in 
comparison to specimens in a macroscopically quasi defect-free state. The most significant 
reduction of fatigue life is attributed to the notch effect of the burr, followed by the notch 
effect created by pores for 4 mm and 6 mm thick specimens, while surprisingly the influence 
of the surface relief is of minor significance. An evaluation of the fatigue results based on 
comprehensive fractographic analyses allows to explain the reasons for distinct differences 
between the aforementioned influence factors. Furthermore, the notch sensitivity of the steel 
AISI 304 increases as the amount of α'-martensite formed prior to the cyclic experiments 
becomes higher. Moreover, the impact of test frequency on the cyclic deformation response, 
deformation-induced phase transformation and fatigue behavior was characterized as well as 
the role of surface micro-defects on the fatigue behavior as a function of test frequency was 
identified. The assessment showed that higher amounts of α'-martensite formation and lower 
plastic strain amplitudes were observed when the cyclic experiments were carried out at lower 
frequency, promoting higher fatigue strengths. However, the influence of test frequency for 
specimens containing surface micro-defects is dominant in the low cycle fatigue to high cycle 
fatigue regime, whereas in the high cycle fatigue and very high cycle fatigue range the fatigue 
life determining parameter is the severity of the micro-notches present along the laser cut 
surface. 
 
 
Abstract 13 
 
 
Kurzfassung 
Das Laserstrahlschneiden stellt ein innovatives Verfahren dar, welches im Vergleich zu 
konventionellen Schneid prozessen eine Vielzahl an Vorteilen aufweist, aber mit 
zunehmender Blechdicke auch den entscheidenden Nachteil der Zunahme der 
Oberflächenrauheit der Schnittkanten, was sich negativ auf die mechanische Festigkeit, 
insbesondere die Schwingfestigkeit, auswirken kann. Deswegen ist die Anwendung dieser 
Technik zur Herstellung von strukturellen Bauteilen aufgrund der Bildung ausgeprägter 
Oberflächenreliefs und dem Fehlen zuverlässiger Schwingfestigkeitsdaten begrenzt. In diesem 
Zusammenhang werden in dieser Arbeit die Auswirkungen des Laserschneidens auf das 
Ermüdungsverhalten diskutiert. Aus Blechen des metastabilen Austenitstahls AISI 304 mit 
Dicken von 2 mm, 4 mm und 6 mm wurden Proben mit Hilfe eines Scheibenlasers 
herausgeschnitten. Ermüdungsproben unterschiedlicher Oberflächenqualität wurden getestet, 
um den Einfluss der verschiedenen Arten von makroskopischen Defekten, die durch den 
Schneidprozess erzeugt wurden, separat zu bewerten. Zusätzlich wurde die Empfindlichkeit 
der Kerbwirkung bei unterschiedlichen Gehalten an verformungsinduziertem α'-Martensit, 
welcher vor den zyklischen Versuche erzeugt wurde, unter Verwendung einer spezifischen 
Kerbgeometrie ausgewertet. Außerdem, basierend auf der Tatsache, dass in der vorliegenden 
Untersuchung eine Hochfrequenzprüfung durchgeführt wurde, wurden der Stahl AISI 304 und 
die Rolle von Oberflächenmikrodefekten durch das Laserstrahlschneiden hinsichtlich des 
Frequenzeinflusses auf das zyklische Ansprechverhalten und Ermüdungsverhalten analysiert. 
Ermüdungsprüfungen wurden bei Frequenzen von 100 Hz und 1000 Hz unter Verwendung 
von zwei ähnlichen Resonanzpulsationstestsystemen, sowie mittels einer servohydraulischen 
Prüfmaschine bei 1 Hz und 50 Hz durchgeführt. Fraktographische Analysen dienten dazu, die 
für die Rissinitiierung verantwortlichen fehlerrelevanten Eigenschaften zu bewerten. Darüber 
hinaus wurde die Rasterelektronenmikroskopie verwendet, um die durch das Laserschneiden 
verursachten Veränderungen der geometrischen und mikrostrukturellen Eigenschaften zu 
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bewerten. Die qualitativen Analysen der Schnittkanteneigenschaften wurden mittels optischer 
Mikroskopie durchgeführt. Das zyklische Verformungsverhalten wurde anhand der 
Auswertung von Spannungs-Dehnungs-Hystereseschleifen und Temperaturmessungen 
charakterisiert. Die verformungsinduzierte Phasenumwandlung von γ-Austenit zu α'-
Martensit wurde global und lokal mittels magneto-induktiven Messungen bzw. 
Elektronenrückstreubeugungsanalyse ausgewertet. Die Analysen zeigen, dass ein 
ausgeprägtes Relief entlang der Schnittfläche sowie ein Grat an der Unterseite der 
Schnittkante bei 2 mm, 4 mm und 6 mm dicken Platten gebildet wurden. Zusätzlich haben 
sich Poren in der Grenzfläche zwischen dem umgeschmolzenen Material und dem 
Grundmaterial oder innerhalb des umgeschmolzenen Materials bei den 4 mm und 6 mm 
dicken Platten gebildet. Infolgedessen zeigen die laserstrahlgeschnittenen Proben eine 40% 
niedrigere Dauerfestigkeit im Vergleich zu den Proben, welche in einem makroskopisch quasi 
defektfreien Zustand sind. Obwohl beim Schneiden dickerer Platten gröbere Oberflächen 
entstehen, ist die Verringerung der Dauerfestigkeit entgegen den Erwartungen unabhängig 
von der Probendicke. Die größte Verringerung der Ermüdungslebensdauer ist auf die 
Kerbwirkung des Grates zurückzuführen, gefolgt von der Kerbwirkung des Oberflächenreliefs 
für 2 mm dicke Platten bzw. des Einflusses von Poren im Fall der 4 mm und 6 mm dicken 
Platten. Ein Zusammenhang zwischen der Phasenumwandlung von γ-Austenit zu α'-
Martensit, die durch zyklische Verformung entsteht, und der Lastfrequenz wurde 
nachgewiesen. Eine niedrigere Prüffrequenz ruft für den untersuchten unsymmetrischen 
Belastungsverlauf einen signifikanten zyklischen Kriecheffekt, höhere mittlere 
Dehnungsniveaus, höhere Mengen an α'-Martensitbildung, geringere plastische 
Dehnungsamplituden und daher höhere Ermüdungsfestigkeiten hervor. Bei Proben mit 
Oberflächenmikrodefekten, die durch das Laserstrahlschneiden erzeugt werden, hängt der 
Einfluss der Prüffrequenz auf das Ermüdungsverhalten vom aufgebrachten Belastungsniveau 
ab. Dieser Einfluss dominiert im LCF zu HCF Bereich, während im Übergang vom HCF in 
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den VHCF Bereich die Ermüdungslebensdauer von der Schwere des Schadens abhängig ist, 
welcher in der Probe durch lebensdauerbestimmende, zufällig entlang der lasergeschnittenen 
Reliefoberfläche eingebrachten Mikrokerben hervorgerufen wird.  
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1. Introduction 
Due to its good formability, austenitic steels are among the stainless steels the most 
common used type of material to produce plate-like shaped parts which can be manufactured 
by laser beam cutting in a useful manner. This process is an ideally suited cutting method 
whenever a low and very localized heat input and the production of components with surfaces 
with good quality and free of mechanical deformation is required. Laser cutting is an 
attractive and innovative manufacturing process which has many advantages compared to 
conventional cutting methods. However, with increasing workpiece thickness an increase of 
the roughness along the kerf surface can be observed, which, in turn, can negatively affect the 
mechanical properties, in particular the fatigue life. Therefore, the use of this technique to 
manufacture structural parts is limited due to the creation of a pronounced surface relief and 
the lack of reliable fatigue strength data. In this context, the fatigue behavior of sheet-like 
samples made of metastable austenitic stainless steel type AISI 304 cut by laser beam is 
discussed in this study. The influence of geometrical surface characteristics and near surface 
defects created by laser beam cutting on cyclic behavior was investigated in the present study 
and the most detrimental characteristics were identified. Thereby, the necessary information 
to support future works for the cutting process optimization concerning fatigue strength was 
provided. 
Based on the necessity of pollution gases emission reduction and the use of natural 
resources in an optimized manner combined with cost reduction efforts to attend the strong 
competitive market needs, the development of lightweight structures and components with 
longer durability is more and more claimed. As a consequence, structural parts and systems 
subjected to cyclic loads demand for a fatigue life assessment basis of utmost reliability. In 
order to evaluate the true durability of a material or component a sufficiently high number of 
fatigue tests performed at a number of cycles higher than the classical fatigue limit 
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(2×10
6
 load cycles) must be executed, which, in turn, implies that normally pronounced time 
consumption and high costs are involved. This issue can be addressed using high frequency 
test systems, such as ultrasonic fatigue and resonance pulsation test stands, which allow the 
performance of cyclic loading tests in the high cycle fatigue (HCF) and very high cycle 
fatigue (VHCF) regime in a reasonable time. However, the likely influences of the test 
frequency on the material response must be considered. Moreover, high frequency fatigue 
testing always provokes questions about whether the testing conditions are representative for 
the real application conditions. Therefore, any influences coming from the testing procedure 
must be known and understood before relying on the fatigue data based on high frequency 
testing for component design and validation phases. For this reason and because metastable 
austenitic stainless steels are well known for their strain rate sensitivity [1, 2], the steel AISI 
304 and the role of surface micro-defects produced by laser beam cutting were analyzed 
regarding the influence of load frequency on the cyclic response and fatigue behavior. It 
should be pointed out that the special feature of the presented study lies in the circumstance 
that for the analysis two resonance pulsation test systems working at around 100 Hz and 
1,000 Hz, which offer nearly identical functionalities were used. Therefore, any influences 
coming from the different test systems (e.g. shutdown of the fatigue test, load- or 
displacement-control, highly-stresses sample volume, etc.) could be ruled out. 
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2. Fundamentals and state of the art 
In this chapter some relevant aspects for the present investigation are briefly 
discussed. The general characteristics of fatigue behavior of metallic materials are presented. 
The stress intensification promoted by surface defects and the appropriate use of stress 
concentration factors are elucidated. Moreover, the laser beam cutting process and its benefits 
in comparison to conventional cutting methods are discussed. The complexity of laser cutting 
process regarding to the variety of process parameters and their influence on the cut kerf 
surface features are presented. Furthermore, the mechanisms of deformation-induced phase 
deformation of metastable austenitic stainless steels as well as its influence on cyclic response 
and fatigue life are explained. Finally, the likely influence of different high frequency test 
stands and load frequency on the fatigue behavior is discussed.  
2.1. Cyclic deformation 
Components and systems when in service usually face a complex loading spectrum 
and it is not rare a multi-direction loading condition be involved in such cases [3, 4, 5]. 
However, for fatigue assessment in laboratory it is very complicated and high costs with 
equipments and devices are needed to simultaneously load a part at different directions. For 
this reason, in many cases a simplification of this complex loading state is necessary. A usual 
solution postulated by different hypothesis [5 - 9] is to apply an equivalent cyclic loading with 
sinusoidal characteristics in one single mode, as showed schematically in Fig. 2.1a, where t 
denotes time. This cyclic loading can be represented by normal stress (ζ) – normal strain (ε) 
hysteresis loops as plotted in Fig. 2.1b. In the case of tests performed under load-controlled 
mode, maximum normal stress (ζmax) and minimum normal stress (ζmin), and, consequently, 
normal stress amplitude (Δζ/2) and normal mean stress (ζmean) are maintained constant during 
fatigue tests. Other important factor for cyclic experiments is the stress ratio (R), which is the 
quotient between ζmin and ζmax. For experiments under strain-controlled mode, maximum 
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normal strain (εmax) and minimum normal strain (εmin) are fixed in the course of the cyclic test 
as well as normal strain amplitude (Δε/2) and normal mean strain (εmean). The main terms used 
to characterize a stress-strain hysteresis loop is graphically depicted in Fig. 2.1b, and their 
respective nomenclature and mathematical definitions are listed in Table 1. In the following 
sections of the present work, normal stress and normal strain are addressed just as stress and 
strain. 
 
Fig. 2.1.  (a) Schematic representation of a cyclic loading with sinusoidal characteristics 
and (b) its representation by a stress-strain hysteresis loop showing the main terms 
used to characterize a cyclic loading [10]. 
 
 
 
 
 
 
a) b) 
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Table 1.  Main terms used to characterize a stress-strain hysteresis loop and their respective 
nomenclature and their mathematical definitions [10]. 
Term Nomenclature Mathematical Definition 
ζ normal stress 
A
F
                              (1) 
ζmax maximum normal stress 
A
Fmax
max                      (2) 
ζmin minimum normal stress 
A
Fmin
min                       (3) 
Δζ normal stress range minmax                (4) 
Δζ/2 normal stress amplitude 
22
minmax  

            (5) 
ζmean normal mean stress 
2
minmax 

mean          (6) 
R stress ratio 
max
min


R                            (7) 
ε total normal strain 
0
0
l
ll f 
                          (8) 
εmax maximum normal strain 
0
0max
max
l
ll f 
                (9) 
εmin minimum normal strain 
0
0min
min
l
ll f 
               (10) 
Δε normal strain range minmax                 (11) 
Δεel elastic normal strain range plel              (12) 
Δεpl plastic normal strain range elpl              (13) 
Δε/2 normal strain amplitude 
22
minmax  

           (14) 
Δεpl/2 plastic normal strain amplitude 
22
elpl  

          (15) 
εmean normal mean strain 
2
minmax 

mean           (16) 
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Stress-strain hysteresis loops give important information to evaluate transient 
processes during a material cyclic deformation. Typical transient phenomena are cyclic 
hardening and softening. Cyclic hardening can be markedly noted for annealed metallic 
materials in the first load cycles, while cyclic softening is normally observed for work-
hardened steels [10]. Fig. 2.2a and Fig. 2.2b schematically show these two transient processes 
for experiments carried out under constant stress amplitude controlled mode and constant 
strain amplitude controlled mode, respectively. For tests under constant Δζ/2, cyclic 
hardening causes a decrease of strain amplitude, while cyclic softening results in an increase 
of strain amplitude (see Fig. 2.2a). For tests under constant Δε/2, cyclic hardening or 
softening is reflected by an increase or decrease, respectively, of Δζ/2. These two mentioned 
transient behaviors are normally followed by a stable state of saturation after a specific 
number of cycles (N). From this condition the hysteresis loops remain essentially unchanged 
for the following cycles [11]. 
 
Fig. 2.2.  Schematic representation of the cyclic hardening and softening processes followed 
by a saturated state for tests under (a) constant stress amplitude controlled mode 
and (b) constant strain amplitude controlled mode. 
 
 
a) b) 
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Another important factor influencing the fatigue behavior that can be evaluated aided 
by stress-strain hysteresis loops is the cyclic creep. This phenomenon can be observed during 
tests under constant stress amplitude controlled mode when εmean incrementally increases at 
each loading cycle. Cyclic creep is promoted when a certain amount of plastic deformation 
created during a loading in a specific direction is not opposed by an equal amount of yielding 
promoted by a loading in the opposite direction. This phenomenon is more likely observed for 
unsymmetrical loading condition and it is more pronounced at mean strains in the tensile 
range [11]. Fig. 2.3 shows a sketch of schematic representation of a stress-strain hysteresis 
loop for symmetrical load condition (R = -1). The stresses in tensile range promote a plastic 
strain (εpl,tens), which is opposed by a deformation with the same magnitude induced by 
compressive stresses (εpl,comp). For this reason, for materials that can undergo cyclic creep 
effect the increase of mean strain and the accumulation of plastic strains during each load 
cycle are expected to have less influence at R = -1 than at unsymmetrical loading condition. 
Fig. 2.4 shows a sketch of schematic representation of stress-strain hysteresis loops for 
unsymmetrical loading condition at tensile-tensile mode (0 < R <1) for materials which show 
cyclic creep behavior. In the loading cycle 1 a plastic strain range (Δεpl,1) with a respective 
mean strain (εmean,1) is created. In the following loading cycle 2, as the plastic deformation in 
tensile direction is not opposed by compressive stresses, εmean,1 is increased by an incremental 
mean strain (δεmean,1-2) resulting in εmean,2. Hence, the mean strain is increased at each loading 
cycle and a cyclic creep phenomenon is observed.  
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Fig. 2.3.  Sketch of schematic representation of a stress-strain hysteresis loop for purely 
reversal load condition (R = -1). 
 
Fig. 2.4.  Sketch of schematic representation of stress-strain hysteresis loops for materials 
subject to cyclic creep under unsymmetrical loading condition at tensile-tensile 
mode (0 < R <1). 
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2.2. Fatigue behavior 
The fatigue life of samples and components depends not only on the applied stress 
level, but also substantially on the initial state of the material (heat-treatment, pre-
deformation, defect-afflicted or quasi defect-free), the configuration of the defect 
(macroscopic notch and/or microstructural inhomogeneity) and, last but not least, the surface 
quality. The assessment of these influencing factors in the high to very high cycle fatigue 
regime must be separately evaluated in order to identify the dominant failure-relevant effect 
and, thereby, to accomplish the basis for the material or strength-oriented process 
optimization [12]. 
Pronounced relief formation on the material surface during cyclic deformation 
represents the first sign of fatigue damage and it indicates regions where cracks can nucleate 
and grow into the material. This relief is characterized by the presence of persistent slip 
marking (PSM), which are sharp extrusions and intrusions developed in areas where emerged 
localized persistent slip bands (PSBs) intersect the material surface. This marking have a 
significant importance concerning fatigue assessment because they are believed to be a 
critical precursor to the nucleation of fatigue cracks [11]. The localization of the cyclic plastic 
strain in PSBs is accepted as a general and very important feature of cyclic deformation [13].  
A classic characteristic of fractured surfaces of metallic materials with fatigue failure 
is the presence of striations. The striation spacing reflects the crack tip opening [14] and the 
crack growth rate is a fraction of this marks. Each striation does not necessarily represent the 
crack advance per cycle. However, striation spacing shows a linear relationship with crack 
length as demonstrated by Wareing and Vaughan [15]. 
A fatigue failure is characterized by two different processes. Firstly, the crack initiates 
and it is followed by its propagation. Thus, the total number of cycles to failure (Nf) is the 
number of cycles for crack initiation (Ni) followed by the number of cycles for crack 
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propagation (Np) up to the final failure [16]. The period of crack propagation occupies a large 
fraction of fatigue life at high stress levels in the low cycle fatigue range (LCF) and it 
continuously decreases as the load is reduced, becoming almost negligible in the high cycle 
fatigue and very high cycle fatigue regimes. Therefore, in HCF and VHCF range, fatigue 
crack initiation occupies a major fraction of fatigue life. This initial process of failure can 
occur at different regions of a part. On the material surface the crack initiation can take place 
either at sites of developed roughness created from PSBs [17], or at sites of geometric notches 
and stress raisers [18], e.g. sharp fillets, threads, keyways, burr or scratches. Internally, cracks 
can be developed at microstructural discontinuities and at defects as hard non-metallic 
inclusions or pores [12, 19]. In short-life fatigue range the failure tends to start at surface 
irregularities, whilst for long-life range it may initiate at internal inhomogeneities. Moreover, 
according to Mughrabi [20] the S-N fatigue life diagrams for some high-strength steels can 
exhibit a second lower fatigue limit in the VHCF range in form of multi-stage fatigue life 
charts. Additionally, in the transition from HCF to VHCF regime the origin of fatigue failure 
may change from surface to interior fracture at non-metallic inclusions. This special behavior 
depends on the material microstructure, surface characteristics and load condition. Chai [21] 
showed a transition of the fatigue crack initiation site for a dual-phase stainless steel. The 
crack origin changed from surface to subsurface inclusions and from subsurface inclusions to 
subsurface areas without inclusions as the number of cycles to failure increases. It is observed 
that for cracks starting at regions without inclusions the failure may initiate in the soft phase 
or at grain boundaries caused by very localized cyclic plastic deformation due to the elastic 
anisotropy between the phases or the grains, respectively. Hilgendorff et al. [22] observed a 
pronounced surface roughening promoted by shear bands for the metastable austenitic 
stainless steel type AISI 304 tested in the VHCF regime and Mughrabi [17] showed that 
embryonic cracks arise from intrusions, which are formed as a consequence of the previously 
formed extrusions. 
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Non-metallic inclusions are normally present in commercial metastable austenitic 
stainless steels and in certain cases can be a fatigue life determining factor. For sheets 
obtained by rolling processes, inclusions with variable sizes are dispersed in the 
microstructure of the material. Moreover, due to a segregation phenomenon the concentration 
of inclusions is more pronounced in the thickness center region of rolled plates [23]. These 
microstructural defects have an elongated shape oriented parallel to the rolling direction, 
whilst it presents a round form when one looks to a section normal to the rolling orientation 
[24]. Murakami [25] postulated a correlation between the maximum value of stress intensity 
factor in mode I crack opening (KI max) along a fatigue crack front for a crack starting from an 
inclusion and the square root of the projected area of this inclusion onto a plane normal to the 
maximum principal stress ( area ). This relationship for cracks subjected to a tensile stress ζ 
and starting from a surface inclusion is shown in equation (17), while from an internal 
inclusion in equation (18). As experimentally demonstrated by [24] the inclusion orientation 
with respect to the applied load has to be taken into consideration when evaluating 
detrimental effects caused by inclusions. Another important factor is the position of inclusions 
[23]. Based on that, a differentiation between failure starting from inclusions at surface and 
sub-surface should be made. The closer a defect is situated to the surface, the more 
detrimental it becomes to the fatigue durability. 
areaK ax 65.0Im                  (17) 
areaK ax 5.0Im              (18) 
When the crack nucleation takes place at a free surface of a polycrystalline metallic 
material, it firstly grows along a shear plane of high shear stress extending in the order of few 
grain diameters (stage I crack growth). Afterwards, the crack growth direction is roughly 
normal to the applied stress (stage II crack growth) [26]. The stage I crack growth is 
Fundamentals and state of the art 27 
 
 
controlled by the material microstructure characteristics and dominates in the high-cycle 
fatigue regime where low stress levels are applied. Stage II crack propagation does so at high 
stress levels and it is controlled by the continuum response of the material [14]. These two 
different stages of crack propagation are schematically represented in Fig. 2.5. 
 
Fig. 2.5.  Schematic representation of stage I and stage II crack growth for polycrystalline 
metallic materials [10]. 
2.2.1. Metastable austenitic stainless steels and deformation-induced phase 
transformation 
Metastable austenitic stainless steels due to their high corrosion resistance, very good 
deformability and ductility exhibit a wide range of applications. Amongst others, they are 
commonly used in nuclear power plants [27] and automotive industry [28, 29]. However, 
owing to its metastable structure, it is a challenging material regarding a reliable prediction of 
its fatigue strength, since it is very sensitive to microstructural changes caused by the 
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manufacturing process and test conditions. Moreover, under certain conditions [14], the 
material undergoes phase transformation from the γ-austenite to -martensite and finally to 
the harder α'-martensite. The underlying mechanisms of phase transformation can be divided 
into two different processes. The first one is the deformation-induced phase transformation, 
which is a diffusionless conversion from fcc γ-austenite to hcp ε-martensite or to bcc α'-
martensite, that occurs during deformation at temperatures below the deformation-induced 
transformation temperature (Md) [14]. The ε-martensite phase is normally found in 
conjunction with α'-martensite, but it is still not clear if the ε-martensite is an intermediate 
phase formed as a result of strain generated by the γ-α' transformation. For the type AISI 304 
steel in the originally purely austenitic condition, the deformation-induced phase 
transformation preferably takes place at intersecting shear bands [22, 30]. The deformation 
degree combined with the deformation temperature as well as the material chemical 
composition play an important role on the deformation-induced martensite formation [1]. 
When the material is deformed at the same true plastic strain, lower temperatures promote 
higher amounts of phase transformation [24]. Furthermore, the higher the degree of 
deformation, the higher volume of α'-martensite formation is observed [31]. However, an 
increased plastic deformation goes along with an increase in material temperature [1], which, 
in turn, increases the stacking fault energy (γSF) [32]. In addition to the temperature, the 
chemical composition also influences the γSF, and, consequently, the austenitic phase stability. 
Low γSF contributes to the development of crystallographic planar defects, such as 
deformation twins, stacking faults and ε-martensite, which, in turn, are likely regions for the 
nucleation of α'-martensite. At room temperature, the γSF of stainless steels can be calculated 
based on the material chemical composition according to the prediction model proposed by 
[33] as follows 
γ𝑆𝐹  
𝑚𝐽
𝑚2
 = 25.7 + 2 ∙ %𝑁𝑖 + 410 ∙ %𝐶 − 0.9 ∙ %𝐶𝑟 − 77 ∙ %𝑁 −  13 ∙ %𝑆𝑖 − 1.2 ∙ %𝑀𝑛           (19) 
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The second transformation process is the so-called temperature-induced phase 
transformation, where the change of phase from austenite to α'-martensite spontaneously 
occurs at temperatures below a certain value defined as the martensite start temperature (Ms) 
[14]. Several empirical equations have been statistically derived in order to relate the Ms(α') 
and Md30(α') (temperature at which 50%-vol. of austenite is transformed to α'-martensite 
under a total strain of 30%) to the material chemical composition, as defined as equation (20) 
[14] and equation (21) [34], respectively. The equations (20) and (21) show that the alloying 
elements present in the material reduce Ms and Md30 temperatures. 
𝑀𝑠 𝛼
′  [°𝐶] = 1305 − 61.1 ∙ %𝑁𝑖 − 41.7 ∙ %𝐶𝑟 − 33.3 ∙ %𝑀𝑛 − 27.8 ∙ %𝑆𝑖 −
                            1667 ∙ (%𝐶 + %𝑁)                          (20)                                                                                                      
                               
𝑀𝑑30 𝛼
′  [°𝐶] = 413 − 9.5%𝑁𝑖 − 13.7 ∙ %𝐶𝑟 − 8.1 ∙ %𝑀𝑛 − 9.2 ∙ %𝑆𝑖 − 18.5 ∙ %𝑀𝑜 −
                               462 ∙ (%𝐶 + %𝑁)                                                      (21) 
The phase transformation from γ-austenite to '-martensite takes place when the 
difference of Gibbs free energy (G) between the two phases reaches a minimal critical value 
(Gmin). It means that, the transformation occurs only if the condition G ≥ Gmin is fulfilled. 
Whether G = Gmin, the transformation occurs in a spontaneous process at temperature Ms. 
Nevertheless, when the material is plastically deformed, mechanical energy (Gmec) is added 
to the thermal energy (Gthermal) of the austenitic phase, increasing, therefore, the G. 
Thereby, the Gmin can be reached even at temperatures higher than Ms. Nonetheless, no 
phase transformation can be promoted at temperatures higher than the equilibrium 
temperature (T0) [35]. The influence of mechanical deformation on the phase transformation 
is schematically shown in Fig. 2.6. 
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Fig. 2.6.  Schematic representation of the influence of mechanical deformation on the phase 
transformation from γ-austenite to α'-martensite [35]. 
As it is presented in [37 - 39] the formation of α'-martensite during cyclic loading of 
an originally fully austenitic microstructure can have a beneficial effect on the fatigue 
behavior. While the formation of short cracks begins in the absence of any α'-martensite 
formation, during the crack propagation phase the nucleation of α'-martensite is observed in 
the plastic zone in front of the crack tip. This phase transformation is likely to occur when 
multiple slip systems are activated, which results in a high number of intersecting shear 
bands. As the crack length becomes larger, the transformed zone increases and the crack 
propagation decelerates [14] as a result of the volume expansion caused by the formed '-
martensite, which for its part decreases the tensile stress field in front of the crack tip and may 
result in a crack closure effect [37, 40]. This finding was supported by measurements with X-
ray diffraction of the lattice parameters of the austenite and martensite phases. It was 
demonstrated that the transformation from γ-austenite to α'-martensite is accompanied by a 
volume expansion of 2.57% [41]. Moreover, according to Müller-Bollenhagen [1], the amount 
of martensite formation resulting from a monotonic load remarkably depends on the strain 
rate. Higher strain rates result in lower volumes of α'-martensite. Since this effect is observed 
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for a monotonic deformation, the question arises, whether a similar effect will occur during 
fatigue testing at different test frequencies. 
Müller-Bollenhagen et al. [36] stated that different start temperatures during uniaxial 
deformation can be used to adjust the quasi-static mechanical properties of metastable 
austenitic stainless steel type 304 due to the different amounts of '-martensite formation. 
Lower deformation temperatures lead to higher amounts of '-martensite, increasing the 
material tensile strength and decreasing the elongation at fracture. The '-martensite nucleates 
where the small dark needles, which the author assumed to be -martensite, cross each other. 
Additionally, the chemical compositions can play an important role on deformation-induced 
phase transformation. For example, specimens with smaller contents of carbon show the 
strongest affinity to '-martensite formation [42].  
The fatigue limit can be improved when the amount of '-martensite volume content 
created before the cyclic tests is increased [36]. This behavior takes place due to the 
prevention of dislocation motion promoted by '-martensite phase, leading to a strengthening 
effect. On the one hand, the austenitic stainless steel AISI 304 in the fully austenitic condition 
and with '-martensite volume of around 27% presents a constant fatigue limit in the HCF 
and VHCF regime. On the other hand, for '-martensite volume content of 54% there is a 
constant fatigue limit in the HCF regime, but in the VHCF region there is no longer a 
guarantee of a true durability [1]. Furthermore, the combination of '-martensite content and 
inclusion size plays a decisive role regarding the fatigue behavior in the VHCF range [43]. 
Nakajima et al. [44] demonstrated that the transformation from austenite to '-
martensite for metastable austenitic stainless steel type AISI 304 more remarkably occurs at 
low temperatures. Moreover, the formation of '-martensite phase and the fatigue strength 
present higher values as the strain is increased. The author demonstrated that there is no 
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influence on fatigue behavior when specimens containing '-martensite transformed prior to 
cyclic tests from austenite by deformation-induced phase transformation are fatigued at room 
temperature and at -25 °C. Furthermore, the fatigue crack growth rate is higher for specimens 
in unprestrained condition than those of 15% and 20% prestrained. When the '-martensite 
phase is present, the crack starts in austenite grains near the grain boundaries. According to 
Nakajima, the '-martensite transformation takes place during the prestrain process at the 
micro spaces in slip bands forming a mixed structure of γ-austenite and '-martensite phase.  
The improvement of fatigue strength of metastable austenitic stainless steels with 
increasing prestrain is attributed not only to the deformation-induced martensite 
transformation, but also to the work hardening process. When the material is tested at the 
stress level of fatigue limit at symmetrical loading condition, the initial global volume of '-
martensite of prestrained specimens is increased during the cyclic loads in the region of 
N > 10
6
 cycles [38]. However, for unprestrained specimens cyclically loaded at load ratio 
R = -1 the '-martensite phase transformation shows negligible influence on the crack growth 
in the near-threshold region [45]. 
During cyclic loading of steel type 304 tested at stress amplitudes higher than 
300 MPa, a first cyclic hardening is observed in the beginning of the load cycles, 
characterized by creation of parallel arranged stacking faults on active slip planes. This 
process is followed by cyclic softening, which is attributed to an increase of mobile 
dislocations and the formation of a distinct dislocation structure. Afterwards, during the 
course of the test, the formation of ε-martensite in form of strips is observed and the processes 
of dislocation and ε-martensite creation continue with further deformation and a dislocation 
cell structure is produced. Subsequently, a secondary cyclic hardening occurs with the 
formation of '-martensite which comes from areas where ε-martensite previously existed or 
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from slip band intersections. This secondary hardening is more remarkable at lower 
temperatures due to the increase of the amount of '-martensite formation [46]. 
Elliot [47] showed the evolution of '-martensite coalescence in deformed type 304 
austenitic stainless steel. For a total strain of 2% achieved at room temperature, the 
investigated material presents twin-faults intersections as well as stacking-fault intersections 
and the absence of '-martensite embryos.  Furthermore, when the material is deformed at a 
total strain of 25% at room temperature, high amounts of '-martensite embryos coalescing to 
form larger martensite volume is observed. 
Topic and Tait [39] analyzed the influence of '-martensite content between 0 and 
36%-vol., which was previously created to the fatigue tests by plastic deformation, on the 
fatigue behavior of the steel type 304. It was observed that the fatigue limit in HCF regime 
increases as the initial amount of '-martensite increases and in the vicinity of the fractured 
surfaces a high amount of '-martensite arises during the cyclic loads. The '-martensite 
transformation influences the incremental strain, crack path, local mechanical properties and 
fracture mode. The authors pointed out that '-martensite volume content higher than 20% 
promotes a fracture with more brittle characteristics. 
2.3. Laser beam cutting process  
Laser beam cutting is a thermal cutting process frequently used to manufacture 
metallic materials. A variety of geometries such as sheets of different thicknesses or 3D- 
shaped parts can be cut by this method. Applications range from 0.3 mm thick metallic multi-
layer sealing gaskets for cylinder head engines to 32 mm thick plates for farm and earth-
moving equipment [48]. During laser cutting different mechanisms become operative. 
Basically, the workpiece is locally heated by radiation and a part of the metallic material is 
melted. If inert gas assists the process a narrow penetrating cavity is formed and the hot 
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molten material is flushed away from the cut front by the shearing action of the gas jet 
flowing at high pressure from a notch coaxially oriented to the laser beam. This mechanism, 
the so-called inert gas melt shearing, on the one hand produces a high surface quality, on the 
other hand the cutting speed is not as fast as using an active gas [48, 49]. Fig. 2.7 
schematically shows the described cutting process and the main factors involved.   
 
Fig. 2.7.  Schematic representation of laser cutting operating by inert gas melt shearing 
mechanism showing the main factors involved [50]. 
In order to rank the efficiency of the cutting processes, the parameter cutting 
performance (S) is often used [51]. It takes into consideration the cutting speed (v), plate 
thickness (T), kerf width (k) and average surface roughness (Ra) as follows 
akR
vT
S               (22) 
Laser beam cutting stands out from other thermal cutting methods by its lower and 
very localized energy input, causing smaller layer of recast material and lower width of heat 
affected zone [52]. In comparison to conventional mechanical cutting processes, the 
advantages are high dimensional accuracy, reduced times for setup, no mechanical 
deformation at cut edge region, high material utilization rate and high flexibility. Micro-size 
components can be produced by laser cutting with very shallow notch depth without 
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compromising their fatigue strength [53]. However, by increasing the material thickness an 
increasing surface roughness along the cut edge is observed [49], which can negatively affect 
the fatigue strength [54, 55]. Nonetheless, the fatigue test results reported by Thomas [56] 
show that high strength steels cut by laser beam can have similar fatigue strength in 
comparison to smooth parts based on the optimization of process parameters. Furthermore, 
the parts cut by laser beam show better fatigue behavior than those cut by oxy-fuel, plasma 
and stamping [52, 57]. The complexity of the process becomes apparent when looking at 
various publications on laser cutting in the context of the material chemical compositions 
[56, 58, 59], cut process parameters such as cutting speed [48, 56, 60, 61], laser output power 
[61, 62], assist gas pressure [48, 61], stand-off between workpiece and nozzle [49], nozzle 
geometry [48, 49, 63] and focus position [64, 65]. It is shown, for instance, that a high cutting 
speed and a low output power produce less pronounced surface relief. Nonetheless, using this 
process strategy cut edges with inhomogeneous characteristics are produced [66]. For the 
metastable austenitic stainless steel AISI 304 the use of fiber laser leads to the creation of a 
high surface roughness for sheets thicker than 4 mm. However, using CO2 laser cutting this 
behavior is only observed for plates thicker than 8 mm [67]. In addition to the laser cutting 
process, the material composition and the prior surface state play an important role on the 
cutting quality [58, 59]. For instance, for steel plates with thickness of 25 mm cut by laser 
flame cutting, it is shown that Cu and Ni in low content levels have a favorable effect on the 
cut surface characteristics. 
Looking at the topic from a manufacturing point of view, the main objective regarding 
the laser beam cutting is to process a material as fast as possible producing a surface with 
good quality concerning roughness and squareness according to standards mandatory for the 
targeted application [68]. Nevertheless, to minimize the influence of laser beam cutting on the 
cyclic strength, the interaction between the process parameters and the geometrical changes in 
the region of the cut kerf must be identified. Moreover, due to a lack of reliable fatigue 
Fundamentals and state of the art 36 
 
 
strength data for parts cut by laser beam, the use of this process to manufacture structural parts 
is restricted, limiting the potential application of this manufacturing method in such cases.  
2.4. Notch effect 
Some manufacturing processes, e.g. machining, laser beam cutting and welding 
produce irregularities, which are considered defects and locally increase the stress at their 
neighbor region changing the stress distribution along the part cross section. This localized 
increase of stress concentration normally has a negative influence on the fatigue behavior 
acting as a crack initiation site. In such cases the reduction of fatigue strength is more 
pronounced when higher stress levels are involved [69]. The magnitude of the stress 
amplification depends on the defect position, orientation regarding the load direction and 
geometry. For parts containing notches at the surface, the maximum stress (ζmax) occurs at the 
notch tip, diminishing with distance away from the imperfection point. At a certain distance 
from the notch, the nominal stress (ζnom) is reached [16]. Fig. 2.8 schematically shows the 
stress distribution along a cross section of a part containing a single notch at the surface and 
subjected to a normal stress. 
In order to quantify the severity of the notch effect, the concept of stress concentration 
factor (Kt) can be used. For normal stresses, the stress concentration factor is defined as 
follows 
nom
r
tK

 max,
                           (23) 
where ζmax,r denotes the maximum normal stress at the notch root. When the method 
applied to analytically calculate the increase of stress is solely based on the assumption of a 
purely linear-elastic deformation behavior, the stress concentration factor does not depend on 
the material properties, being only a function of the part’s geometry and loading mode [70]. 
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Fig. 2.8.  Schematic representation of the stress distribution along a cross section of a 
tensile stressed part containing a single notch at the surface. 
An analytical solution to determine the stress concentration factor for a U-shaped 
notch is proposed by Barrata and Neal [71] and shown as fallows 
r
h
Kt 21.2855.0                   (24) 
where r denotes the notch radius and h the notch depth as schematically showed in Fig. 
2.9. The equation (24) can also be used to determine the stress concentration factor for a part 
containing a shallow notch, which is a kind of notch geometry produced along the cut surface 
by laser beam cutting process. 
 
Fig. 2.9.  Schematic representation of a part containing a U-shaped notch under uniaxial 
tension. 
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A notched part can undergo plastic deformation near the root of a stress raiser at 
nominal stress levels lower than the material yield stress (ζy). When it occurs, the maximum 
local stress may not be correct if predicted by Kt concept. The stress distributions in the near 
region of a notch for parts made of ductile materials under different tensile stresses are 
depicted in Fig. 2.10 [70]. When the maximum stress at the tip of the notch is lower than the 
ζy, the stress distributions in the region surrounding the notch have the characteristics of the 
solid lines 1 and 2. Hence, the theory of elasticity is applicable to calculate the maximum 
stress based on the theoretical stress concentration factors. However, if the yield stress is 
exceeded, the strain at the root of the notch continues to increase but the maximum stress 
increases only slightly. Therefore, the stresses near to the notch root present the characteristics 
showed by the solid lines 3 and 4. As the applied stress continues to increase the stress 
distribution at the notch becomes more uniform and similar to the nominal stress [70]. In case 
ζmax > ζy and Kt is nonetheless used to calculate the stress at the notch tip (ζmax,r) according to 
equation (23), the stress distributions would have the form of the dashed lines 5 and 6. 
However, the theoretical stress concentration factor is no longer suitable when the material 
undergoes plastic deformation. Therefore, the theory of elasticity can no longer be applicable 
and a more realistic model is preferable. Based on that, the influence of the material must be 
taken into account for a more accurate evaluation of the influence of stress raisers on the 
behavior of ductile materials. However, for most brittle materials the linear relationship 
between stress and strain is normally maintained until the full failure of a part. Hence, for this 
kind of material Kt is a suitable factor to predict the peak stress at the notch root independent 
of the stress state. 
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Fig. 2.10.  Schematic representation of stress distributions in the near region of a notch under 
different tensile stresses for ductile materials [70]. 
Assuming elastic-plastic deformation near the notch root, the stress concentration 
factor can no longer be applied since the effective notch effect is influenced by local 
plastification. For parts cyclically loaded, the discrepancy between Kt and the real stress at the 
notch root is considered by using the concept of fatigue effective stress concentration factor 
(Kf) [69]. This approach is based on experimentally obtained fatigue results for unnotched and 
notched specimens. It is defined according to equation (25), where ζf denotes the fatigue limit 
of unnotched specimens and ζnf the fatigue limit of notched specimens for a distinct number 
of loading cycles. 
nf
f
fK


              (25) 
In order to quantify the correlation between the theoretical notch concentration factor 
and the fatigue effective notch concentration factor, Boresi et al. [72] introduced the concept 
of notch sensitivity (q), which is expressed according to equation (26).  
Fundamentals and state of the art 40 
 
 
1
1



t
f
K
K
q                 (26) 
The value of q can vary between 0 and 1. The notch sensitivity is 0 when Kf is 1. In 
that case the stress concentration has no influence on fatigue strength. Moreover, whether 
q = 1, consequently Kf = Kt, implying that the theoretical stress concentration factor can be 
applied to evaluate the influence of notch on the fatigue behavior. 
The surface roughness promoted by manufacturing processes acts as small notches 
influencing the fatigue behavior as schematically showed in Fig. 2.11 for high strength Cr-Ni 
steels [73]. According to this diagram it is clear that the higher the roughness, the lower the 
fatigue strength becomes. On the one hand, from LCF to HCF regime cracks emanate from 
the specimen surface. On the other hand, in VHCF range cracks normally start inside the 
material and, in this case, the surface roughness plays no significant hole on the fatigue 
behavior. Moreover, step-wise S-N diagrams can be observed. For stress levels higher than 
the conventional fatigue limit, represented by the horizontally oriented lines in HCF regime, 
cracks start at the surface, while for lower stress levels cracks initiate from the interior 
material. In HCF range the fatigue limit is significantly influenced by surface roughness. For 
pronounced higher surface relief, cracks always start from the notches on the part’s surface, 
significantly decreasing the fatigue strength and, therefore, the step-wise S-N curve does not 
apply any more. 
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Fig. 2.11. Schematic representation of surface roughness effect on the S-N diagram 
characteristics of high strength Cr-Ni steels [73]. 
2.5. High frequency test systems and influence of load frequency on fatigue behavior 
Over the last decades it could be shown that a wide range of metallic materials fails 
even beyond the classical fatigue limit, with some high-strength steels exhibiting a second 
lower fatigue limit in the so-called very high cycle fatigue range accompanied by a change of 
crack initiation from surface to subsurface regions [20]. For the HCF and VHCF regime, the 
crack initiation phase becomes fatigue life determining [74, 75]. Fatigue crack initiation at 
very high number of cycles can occur at internal microstructural defects, e.g. non-metallic 
inclusions, but can also emanate from the accumulation of slightly irreversible random slip 
that can lead to a sufficiently strong surface roughening in isolated grains resulting in failure-
relevant microcrack formation. However, since crack initiation promoting microstructures are 
very randomly distributed throughout the material, fatigue results exhibit an increasing scatter 
of experimental results with increasing lifetime. Hence, in order to evaluate the true durability 
of a material or component and to determine reliable fatigue test results in the VHCF regime, 
it takes even higher efforts regarding test times and costs than are already typical for classical 
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fatigue testing. This issue can be addressed using high frequency fatigue test systems [76], 
which allow the performance of fatigue tests in the HCF and VHCF regime in a reasonable 
time. In this case, the likely influence of the test frequency on the material response to cyclic 
loading has to be understood as well as how representative the provided experimental results 
are concerning the real application conditions. A distinguished consideration of this issue 
involves a possible strain rate dependence of the material deformation behavior. However, a 
possible influence of the test system itself is seldom taken into consideration, which 
nevertheless also has to be critically questioned in connection with the existing types of high 
frequency test stands. For example, tests by means of ultrasonic fatigue test systems (UFTS) 
are displacement-controlled, whereas at resonance pulsation systems the experiments are 
usually load-controlled tests. The maximum loaded volume of the specimen for tests 
performed at the UFTS has to be critically discussed as well. The maximum stress is effective 
over a small volume of approximately 3 mm length over the longitudinal axis of an hourglass-
shaped sample [1, 77], while the critically loaded sample volume for resonance pulsation 
systems can be varied to a large extend [1, 36, 77]. 
The topic of a likely frequency effect on the fatigue behavior of the metastable 
austenitic stainless steels becomes all the more interesting when applying high frequency 
fatigue test systems as are lately used to a large extent regarding research activities in the 
VHCF regime. Resonance pulsation test systems enable the accurate measurement of natural 
frequency of the vibrational system, which is formed of a spring mass arrangement. The 
specimen works as a spring excited on the one side by an unconstrained mass m1 and fixed on 
the appositive side by a constrained mass m0 as schematically showed in Fig. 2.12. The 
excitation of the load frequency is adjusted by the test system during the test in order to 
continuously work in a resonance regime [76]. The resonant frequency is a composition of the 
damped and undamped natural frequency of the vibrational system. Considering flat specimen 
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geometries, the natural frequency of the undamped system (f0) can be defined according to 
equation (27). 
 
Fig. 2.12. Schematic representation of a resonance pulsation test system. 
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 In equation (27) E denotes the Young’s modulus, T specimen thickness, w specimen 
width and L unconstrained specimen length. Hence, the resonant frequency (fr) can be defined 
according to equation (28), where D is the damping coefficient. 
2
0 21 Dffr                                                                                                                      (28) 
In this case, damping is the absorbed energy by the material during deformation cycles 
and it depends on many factors such as stress level, sample geometry, number of cycles and 
type and microstructure of the material [78]. The level of damping can be determined by the 
area within the stress-strain hysteresis loop (Ah) as showed schematically in Fig 2.13, and in 
this case it is determined according to equation (29) [79]. 
  dD                                                                                                                            (29) 
specimen 
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Fig. 2.13. Schematic representation of a stress-strain hysteresis loop showing its internal 
area. 
The cyclic deformation behavior and microstructural changes can be characterized 
based on test frequency changes [77, 80, 81]. Analyzing equations (28) and (29), one can note 
on the one hand side that the reduction of plastic strain amplitude decreases the damping 
coefficient, which, in turn, causes the increase of resonant frequency. On the other hand side, 
the increase of plastic strain amplitude causes the increase of damping coefficient leading to 
the reduction of resonant frequency. Thus, the cyclic softening and hardening processes, 
which directly influence the plastic strain amplitude, can be indirectly assessed based on 
changes of resonant frequency of test. 
The influence of loading frequency on fatigue behavior depends, amongst others, on 
the kind of material to be evaluated as well as on the specimen geometry, loading condition 
and effectiveness of the cooling system used during fatigue tests. Papakyriacou et al. [82] 
evaluated the influence of load frequency on fatigue behavior in the HCF and VHCF regime 
for different commercially pure metals with bcc and hcp crystallographic structure as well as 
for a Ti alloy with bcc and hcp structure cyclically loaded at R = -1. Regarding bcc materials, 
the influence severity of the loading frequency on fatigue properties varies depending on the 
magnitude of cyclic plastic strain. When this kind of material is tested above or close to its 
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yield stress an increase of flow stress at ultrasonic frequency occurs and it may contribute to 
better fatigue properties. In the case of materials with hcp crystal structure, the influence of 
load frequency is not significantly pronounced, but the material shows slightly higher fatigue 
limit when tested at higher frequencies. Different cyclic frequencies have no significant 
influence on fatigue behavior of fcc metals in experiments run at conventional and ultrasonic 
systems [83, 84]. James [85] reported that the load frequency presents an influence on crack 
propagation behavior, which has a dominant influence during LCF regime. The study 
performed by the author with the metastable austenitic stainless steel type 304 at frequencies 
between 0.000138 and 6.66 Hz at symmetrical loading condition shows that decreasing the 
test frequency the crack growth rate increases approximately one order of magnitude.  
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3. Objectives 
The main purpose of the present investigation is to analyze the influence of notches 
due to laser beam cutting on the fatigue behavior of plate-like shaped parts made of 
metastable austenitic stainless steel type AISI 304, providing the necessary data to support 
future works for laser cutting process optimization to produce components with higher fatigue 
strength. Based on that, to accomplish the main objective of the study, additional goals are 
listed below.  
 Assess the geometrical surface characteristics and microstructural changes after 
laser beam cutting;  
 Separately evaluate the impact of different kinds of macroscopic defects produced 
by the laser cutting process on the fatigue behavior; 
 Investigate the failure mechanisms of parts cut by laser beam, analyzing the 
failure-relevant characteristics responsible for crack initiation, identifying the 
characteristics dominating fatigue life; 
 Evaluate the notch effect for different '-martensite volume contents; 
 Assess the deformation-induced phase transformation during cyclic testing and its 
influence on fatigue behavior. 
Moreover, based on the fact that for the investigation in purpose fatigue experiments 
were planned to be performed by means of high frequency test stands, it is also a target of the 
present study to evaluate in which extend the load frequency influences the cyclic 
deformation behavior, the deformation-induced phase transformation and, thereby, the fatigue 
behavior of the metastable austenitic stainless steel type AISI 304. Additionally, the role of 
surface micro-defects produced by laser beam cutting is going to be analyzed regarding the 
influence of load frequency on fatigue behavior. 
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4. Materials and experimental procedure 
In order to accomplish the defined goals of the present study described in the previous 
chapter, flat specimens cut by laser beam with different thicknesses and surface conditions 
were produced and assessed. With these specimens, cyclic experiments and measurements 
were performed, as described in the following sections of this chapter. 
4.1. Material 
The evaluated material is the metastable austenitic stainless steel type AISI 304, which 
had undergone a rolling process and was supplied in solution-annealed state in the form of 
plates. The following sections describe the material original state before the cyclic 
experiments had been carried out. 
4.1.1. Chemical composition and phase stability 
The chemical compositions were assessed by spectrometry using an analytical 
analyzer model Spektromaxx from the company Ametek Materials Analysis Division. The 
most relevant constituents of the chemical compositions of the investigated material from 
plates with three different thicknesses are presented in Table 2. The elements of Fe-Cr-Ni 
alloys influence the tendency for spontaneous formation of austenite. For the investigated 
material, the high content of nickel promotes the creation of an austenitic phase. Furthermore, 
the presence of carbon and manganese also contributes to the austenitic microstructure [86]. 
The temperatures Ms and Md30 and the stacking fault energy γSF depend on the 
chemical composition of the material. They are relevant parameters to characterize the 
stability of the austenitic phase. The respective calculated values according to equation (20), 
(21) and (19) are presented in Table 2. Hence, a relatively stable austenitic phase at room 
temperature for low levels of plastic deformation can be assumed. Moreover, the higher 
Materials and experimental procedure 48 
 
 
content of nitrogen is responsible for lower Ms and Md30 temperatures and γSF for the material 
from plates with 2 mm thickness. 
Table 2.  The most relevant constituents of the chemical composition in weight-%, Ms, Md30 
and γSF for specimens with 2 mm, 4 mm and 6 mm thickness. 
Thickness Fe Cr Ni Mn Si Cu N C Ms [°C] Md30 [°C] γSF [mJ/m
2
] 
2 mm 69.30 18.93 8.37 1.87 0.38 0.30 0.13 0.03 -339 -23 21.8 
4 mm 69.20 19.56 8.43 1.70 0.52 0.11 0.05 0.03 -226.8 9.2 24.76 
6 mm 69.70 19.49 8.35 1.38 0.42 0.10 0.07 0.03 -238.9 4.4 25.30 
 
4.1.2. Microstructure 
Microscopy analyses of the etched material from sections normal to the rolling 
direction by means of a scanning electron microscope (SEM) type JSM 6610 from the 
company JEOL are shown in Fig. 4.1, Fig. 4.2 and Fig. 4.3 for specimens with 2 mm, 4 mm 
and 6 mm thickness, respectively. One can observe austenitic structures with equiaxed grains. 
The average grain sizes determined by linear intercept method without considering the twin 
boundaries are around 26 µm for the three assessed plate thicknesses. 
 
Fig. 4.1.  SEM micrograph of the etched material surface from a sample with 2 mm 
thickness in a section normal to the rolling direction. 
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Fig. 4.2.  SEM micrograph of the etched material surface from a sample with 4 mm 
thickness in a section normal to the rolling direction. 
 
Fig. 4.3.  SEM micrograph of the etched material surface from a sample with 6 mm 
thickness in a section normal to the rolling direction. 
4.1.3. Static mechanical properties 
In order to assess the initial mechanical properties, tensile tests and hardness 
measurements were performed. The machine used to monotonically load the samples was a 
servo-hydraulic test system model 8501 from the company Instron. Three specimens from 
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each plate thickness were loaded at room temperature at a strain rate of 0.166%/s. Hardness 
measurements were carried out using the HV 0.1 scale by means of a Vickers hardness tester 
model AMH-43 from the company Leco. Five measurements along a line and with a distance 
of 0.25 mm from one measuring position to the next position were performed. The 
mechanical properties of the evaluated material for the three different specimen thicknesses 
are shown in Table 3. During the tensile test, the temperature of samples with 6 mm of 
thickness remarkably increased more than the samples with other thicknesses. This behavior 
may reduce the 6 mm thick sample stiffness explaining the lowest 0.2% yield strength (Rp0.2) 
and tensile strength (Rm). Moreover, the flat plates have slight differences in chemical 
composition and are produced by rolling process with different parameters. These factors, in 
turn, may also play an influence on the difference in mechanical properties. 
Table 3.  Mechanical properties of AISI 304 for specimens with 2 mm, 4 mm and 6 mm 
thickness. 
Thickness Rp0.2 [MPa] Rm [MPa] εrup % hardness [HV 0.1] 
2 mm 316 ±3 649 ±1 54 ±1 171 ±5 
4 mm 323 ±7.6 642 ±8 56 ±1 179 ±14 
6 mm 290 ±5.3 621 ±21 56 ±1          165±16 
4.2. Samples preparation and characteristics 
Flat specimens were obtained from plates made of metastable austenitic stainless steel 
type AISI 304 with 2 mm, 4 mm and 6 mm thickness. The sheets used to produce the samples 
had undergone a rolling process and were supplied in solution-annealed state. Moreover, the 
specimens were cut out from sheets with the longitudinal axis parallel to the rolling direction. 
In order to exclude any influence from the chemical composition of the material, all samples 
with the same thickness were produced from the same plate and therefore from the same 
batch.  
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4.2.1. Specimen surface conditions 
Specimens were tested at three different surface conditions, which are classified in this 
study as follows: as-cut condition, without burr condition and polished condition. The 
procedures to produce specimens in these three aforementioned states are explained in the 
next sections. 
4.2.1.1. Specimens in the as-cut condition 
Flat specimens were cut out by high-power solid-state disk laser from sheets with 2 
mm, 4 mm and 6 mm thickness. Samples in the as-cut condition did not undergo any post-
processing after being cut by laser. The cutting machine used is a Trumpf TruDisk 5001 laser 
source, and the most relevant process parameters used to cut the fatigue specimens are listed 
in Table 4. The definition of these parameters was based on previous efforts for process 
optimization to cut the investigated material with the best possible cut edge quality regarding 
surface roughness. The listed parameters presented in Table 4 are divided into three groups: 
cutting process, assist-gas and laser beam. The “cutting process” group contains the 
parameters cutting speed and focal position, which play a significant role regarding the 
cutting quality [49, 56, 60, 61]. For the present study, it was determined that for the focal 
position “0” the laser beam is focused on the upper surface of the workpiece. Based on the 
laser output power and beam diameter at focal position, the power density during the cutting 
of 2 mm thick plates is 66.13×10
6
 W/cm
2
, and 8.04×10
6
 W/cm
2
 for 4 mm and 6 mm plate 
thicknesses. For this reason, to cut the thickest plate it was necessary to use a cutting speed 
more than seven times and two times slower in comparison to the cutting of 2 mm and 4 mm 
thick plates, respectively. According to the parameters listed in the second group of process 
parameters, N2 was used as assist-gas. This inert gas was chosen instead of O2 in order to 
produce a cut surface with better quality and to avoid the formation of pronounced dross at 
the underside of the cut kerf. For O2 assist-gas, due to the limited exothermic oxidation of iron 
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and chromium in the molten metal caused by Cr2O3 film formation on the material surface 
when it is exposed to oxygen, the material is shielded from further corrosion. This Cr2O3 film 
solidifies around the droplets of molten metal during the cutting creating dross [49]. 
Moreover, the gas pressure and stand-off between nozzle and workpiece has an important 
influence on the cutting quality [48, 49, 61]. The parameters from the category “laser beam” 
group normally are related to the cutting machine and thereby cannot be modified. The beam 
quality M
2
 characterizes the deviation of the real beam dispersion from an ideal laser beam 
with a Gaussian distribution of energy intensity and M
2
 = 1.  
Table 4. The most relevant process parameters used to cut the fatigue specimens. 
Group Process parameter 
Plate thickness 
2 mm 4 mm 6 mm 
Cutting process 
cutting speed [m/min] 16 5 2.25 
focal length [mm] 150 200 200 
focal position [mm] 0 -2.5 -2.5 
beam diameter at focal position [µm] 76 218 218 
Assist-gas 
type of gas nitrogen nitrogen nitrogen 
gas pressure [bar] 11 14 14 
gas flow [m
3
/h] 54 63 63 
nozzle shape conical convergent 
nozzle internal diameter [mm] 2.3 4 4 
stand-off nozzle/workpiece [mm] 0.8 0.5 0.5 
Laser beam 
wave length [µm] 1.04 1.04 1.04 
beam quality, M
2
 10 10 10 
output power [kW] 3 3 3 
4.2.1.2. Specimens in the without burr condition  
For the specimens in the without burr condition after being cut by laser beam the burr 
at the underside of the cut edges was mechanically trimmed with two different abrasive 
papers coated with SiC in grain sizes of 30 µm and 15 µm.  
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4.2.1.3. Specimens in the polished condition  
The specimens in the polished condition after being cut by laser beam were 
mechanically ground with three different abrasive papers coated with SiC in grain sizes of 30 
µm, 15 µm and 10 µm, removing the recast material produced by the cutting process in the 
cut edge region. Subsequently, in order to eliminate any residual stress and martensite 
resulting from the grinding process, the specimens were electro-chemically polished in a 
solution with 70%-vol. ethanol, 14.2%-vol. distilled water, 10%-vol. diethylene glycol 
monobutyl ether and 5.6%-vol. perchloric acid. The surfaces of polished specimens reached 
an average roughness Ra = 0.05 0.01 m and average of the difference between the five 
highest peaks and five deepest valleys Rz = 0.4 0.01 m. This condition represents the base 
material in a macroscopically quasi defect-free state. It is important to point out that this 
polished condition is generally not the condition of real parts, which often contain defects on 
the surface caused by the manufacturing process, e. g. small pitches from the rolling process.  
4.2.2. Specimen geometries 
Three different specimens geometries with 2 mm thickness were used in the cyclic 
experiments. These specimens were classified in the present work as type 1, type 2 and type 3, 
and the geometries are depicted in Fig. 4.4a, Fig. 4.4b and Fig. 4.4c, respectively. Moreover, 
Fig. 4.5a and Fig. 4.5b show the geometries of 4 mm and 6 mm thick specimens, respectively. 
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Fig. 4.4.  Specimen geometry of (a) type 1, (b) type 2 and (c) type 3 specimens with 2 mm 
thickness. 
 
Fig. 4.5. Specimen geometries with (a) 4 mm and (b) 6 mm thickness. 
a) b) 
b) a) 
c) 
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4.2.3. Specimens with different '-martensite volume fraction 
In order to produce specimens with different volumes of '-martensite, plates with 2 
mm thickness were strained by a monotonic tensile load applied parallel to the rolling 
direction at different temperatures. After achieving the desired '-martensite volume fraction, 
2 mm thick type 1 specimens were cut by laser beam with the longitudinal axis parallel to the 
deformation direction. Afterwards, the samples were mechanically ground and 
electrochemically polished according to the procedure described in section 4.2.1.3. Specimens 
with 22% and 60% of '-martensite volume fraction were created straining the specimens at   
-15ºC and -90ºC, respectively, at a total strain of 15%. 
4.2.4. Pre-notched specimens 
A single U-shaped notch with radius of 0.15 mm and a depth of 0.30 mm was 
introduced by spark erosion on one side of 2 mm thick type 1 specimens containing different 
amounts of '-martensite, which were obtained according to the procedure presented in 
section 4.2.3, see also Fig. 4.6. 
 
Fig. 4.6. Specimen geometry of 2 mm thick type 1 specimen with a single U-shaped notch. 
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4.3. Experimental methods 
In the following sections the procedures of the performed experiments are described, 
the physical resources used in the analyses are cited and some important observations are 
pointed out. 
4.3.1. Optical microscopy 
The surface characteristics of the cut edges were qualitatively evaluated by means of 
optical microscopy. For this purpose, a microscope VHX-5000 model from the company 
Keyence and a MEF4M model from the company Leica were used in the investigation. 
4.3.2.  Microstructure 
The microstructure investigations were accomplished by means of a scanning electron 
microscope type JSM 6610 from the company JEOL. 
4.3.3. Phase analysis 
The phases were locally assessed by means of electron backscattered diffraction 
(EBSD) technique using the microscope Helios Nanolab from the company FEI in 
conjunction with the EBSD detector from the company EDAX. The global amount of α'-
martensite phase was analyzed by means of a magneto-inductive test device model FMP30 
from the company Fischer. 
4.3.4. Roughness analysis 
In order to quantify the surface relief features, roughness measurements were 
performed over a length of 12 mm by means of a contact profilometer type Perthometer S3P. 
The measurements were performed at three different positions, at 0.3 mm from the underside 
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of the kerf surface, at 0.3 mm from the upper side of the kerf surface and at the center line of 
the cut surface.  
4.3.5. Hardness measurements 
Besides the hardness measurements in the base material presented in section 4.1.3, 
additional measurements were carried out in the recast layer created by the cutting process 
using the HV 0.01 scale by means of a Vickers hardness tester model AMH-43 from the 
company Leco. Ten measurements through the plate thickness at points away 0.2 and 0.4 mm 
from one another were performed for 2 mm and 4 mm thick specimens, respectively. Due to 
the narrow layer of recast material for samples with 6 mm thickness it was not possible to 
measure the hardness in this region using the Vickers micro indentation.  
4.3.6. Fatigue tests 
The fatigue tests were performed by means of two resonance pulsation test systems 
from the company Russenberger Prüfmaschinen AG. The first machine is a Testronic model, 
which for the given sample geometry allows test frequencies around 100 Hz. The second one 
is a new generation of resonance test stand named Gigaforte, which allows fatigue tests at 
frequencies around 1,000 Hz. In order to implement such a high frequency test system, it was 
necessary to develop a spring-mass arrangement where the electromagnetic driver oscillator 
was put in a position with minimal acceleration. The 1,000 Hz machine foresees a separation 
of the static and dynamic load measurement and realizes measurement rates of 25 kHz. 
Additionally, the displacement of the vibrational system during fatigue tests can be reliably 
monitored by means of a fast and high-resolution laser position sensor.  
An unambiguous comparison of the cyclic deformation behavior between different test 
frequencies is only possible if the influence of the test system can be undoubtedly ruled out, 
which is actually the case in the present study, as the two resonance pulsation test stands 
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operate according to the same functional principle, with similar control signals and control 
circuits. Hence, any discrepancies in fatigue behavior observed during testing with both test 
systems can be identified as a true frequency effect, all the more so because sample geometry 
and preparation were identical as well. Additionally, a servo-hydraulic load-controlled system 
model 8501 from the company Instron was used to perform cyclic testing at load frequencies 
of 1 Hz and 50 Hz.  
Cyclic experiments were performed at tensile-tensile load condition and stress ratio 
R = 0.1 and at purely reversal loading (R = -1) under load-controlled mode. Moreover, the 
resonance pulsation test stands applied in this study were not equipped for strain-controlled 
testing at the time. For tests performed at tensile-compression loading mode, in order to avoid 
buckling effects, a device, whose drawing is shown in Appendix 1, was assembled in contact 
with the unconstrained region of fatigue specimens. Stripes made of polytetrafluoroethylene 
were fixed on the interface areas between specimen and device in order to minimize friction 
effects, allowing the specimen to freely deform at this region. Moreover, all fatigue specimens 
were cooled during the fatigue tests in order to minimize the temperature increase promoted 
by specimen self-heating, maintaining the sample temperature as close as possible to the room 
temperature. Compressed air with a total flow of 650 l/min using multi-channel flat jet 
nozzles located 5 mm away from the test piece was applied. Hence, air injection pressure of 
40 psi is reached according to the nozzle efficiency diagrams [87]. The air flow was directed 
to the both surfaces of the sample regarding its thickness. A decrease of test frequency of Δf > 
2 Hz during resonant fatigue testing was applied as criterion for test interruption, whereas 
during testing by means of servo-hydraulic machine the cyclic experiments were carried out 
until full rupture of the sample. For fatigue tests at constant stress amplitude, the specimens 
which did not reach the described test interruption criterion and did not exhibit external cracks 
until the ultimate number of cycles N = 10
7
 and N = 5×10
6
 at R = 0.1 and R = -1, respectively, 
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were evaluated as run-outs. All stresses indicated in the S-N diagrams presented in the 
following chapter were calculated on the basis of the initial specimen cross-sectional areas. 
4.3.6.1. Load-increase tests and α'-martensite volume content measurements 
Load-increase tests in combination with α'-martensite volume content measurements 
were performed by means of resonance pulsation test systems Rumul Testronic and Gigaforte 
at frequencies of 100 Hz and 1,000 Hz, respectively. The experiments were carried out with 
the first stress level of maximum stress (ζmax) = 500 MPa. The tests were performed up to 
2×10
4
 load cycles for each stress level. Afterwards the tests were stopped, the amount of α'-
martensite measured and the experiments restarted increasing the load such that a stress 
increase ζmax in 10 MPa steps was realized. Polished type 2 samples with 2 mm of thickness 
(see Fig. 4.4) were used in order to exclusively evaluate the influence of test frequency on α'-
martensite formation during cyclic deformation and fatigue behavior. Specimens in the 
initially fully austenitic and pre-deformed state were used in the cyclic tests. The pre-
deformed specimens were prior to fatigue experiments and after polishing monotonically 
stressed at ζmax = 570 MPa at room temperature. This stress level was used since preliminary 
studies showed that at this stress level a sufficient plastic deformation is promoted, inducing 
the formation of α'-martensite at room temperature, resulting in an α'-martensite volume 
fraction between 4.52% and 5.02%.  
The global amount of α'-martensite phase was analyzed by means of a magneto-
inductive test device model FMP30 using a probe with 2 mm of diameter from the company 
Fischer. As the equipment is calibrated to the permeability of the magnetic field in the ferritic 
phase, a corrective factor of 1.58 is necessary to be applied to the magneto-inductive 
measurements in order to have the right amounts of α'-martensite [1]. Fig 4.7a shows a 
polished specimen and the coordinate system used to measure the global α'-martensite volume 
content. Whereas, Fig 4.7b shows the schematic representation of magneto-inductive 
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measurements along the longitudinal axis of a run-out polished sample in the initially fully 
austenitic state cyclically loaded at ζmax = 590 MPa and 100 Hz up to N = 10
7
 cycles. One can 
observe an increase of α'-martensite along the sample and a stretch of parallel length from 
initial 6 mm to 8 mm. The Gaussian distribution of the α'-martensite volume content with 
highest amount in the center region of the specimen is depicted in Fig. 4.7b. For comparison 
reasons, in the present study all global α'-martensite volume content measurements presented 
in the following sections were performed in the point at position x = 0, y = 0 with 
measurement accuracy of 98%. Moreover, according to the EBSD analysis and magneto-
inductive measurements, no presence of α'-martensite was detected prior to fatigue tests other 
than for those samples that were pre-stressed on purpose. 
 
Fig. 4.7.  (a) Polished specimen and the coordinate system used to measure the global α'-
martensite volume content, and (b) the schematic representation of α'-martensite 
volume content distribution along the longitudinal axis of a run-out polished 
specimen in the initially fully austenitic state cyclically loaded at ζmax = 590 MPa 
and 100 Hz up to N = 10
7 
cycles. 
4.3.6.2. Load-increase tests and strain measurements 
Load-increase tests with strain measurements were performed using a servo-hydraulic 
test stand Instron model 8501 at load-controlled mode at load frequencies of 1 Hz and 50 Hz. 
Type 3 samples with 2 mm of thickness, whose geometry is shown is Fig. 4.4c, in the initially 
b) 
a) 
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fully austenitic condition were used in the cyclic tests. The experiments were carried out with 
the first load step corresponding to ζmax = 300 MPa and incremental load steps resulting in a 
stress increase of Δζmax = 10 MPa for an incremental number of cycles N = 2×10
4
. 
Stress-strain hysteresis loops were determined on the basis of strain measurements 
performed by a strain gauge extensometer series 2620 from the company Instron, and the 
related stresses were determined based on load measurements by means of a 100 kN load cell 
and the critically loaded cross sectional area as depicted in Fig. 4.4c. The extensometer 
applied has an initial gauge length of 12.5 mm, displacement range of ± 2.5 mm, and was 
fixed on the central part of the specimen. 
4.3.6.3. Staircase tests 
The fatigue limits of samples with different conditions were determined by staircase 
method according Dixon and Mood analysis [88]. For this purpose, the cyclic experiments 
were carried out at 100 Hz up to N = 5×10
6
 and N = 10
7
 at R = -1 and R = 0.1, respectively, 
when the test did not reach the test interruption criterion described in section 4.3.6 and the 
specimen did not show any crack on its surface. Afterwards, in case of no failure, the 
maximum stress was increased in 10 MPa for experiments performed at R = -1, and 20 MPa 
for tests at R = 0.1. In case a failure occurred, the maximum stress was decreased in 10 MPa 
and 20 MPa, for tests at R = -1 and R = 0.1, respectively. Moreover, the first stress step of the 
staircase tests was determined by the last stress level at which the specimen did not fail during 
load-increase tests performed with an incremental stress increase of ζmax = 10 MPa and 
ζmax =20 MPa for tests performed at R = -1 and R = 0.1, respectively. The incremental 
number of cycles for tests performed at R = -1 was N = 5×10
6
, while it was N = 10
7
 for tests 
at R = 0.1. Table 5 shows the total number of evaluated samples, the respective sample 
condition and the applied load ratio used in staircase tests. 
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Table 5.  Specimen type and condition, number of tested samples and stress ratio used in 
staircase tests. 
Specimen Condition Amount R 
2 mm thick type 2 
as-cut, initially fully austenitic 15 0.1 
without burr, initially fully austenitic 19 0.1 
polished, initially fully austenitic 11 0.1 
4 mm thick 
as-cut, initially fully austenitic 16 0.1 
without burr, initially fully austenitic 17 0.1 
polished, initially fully austenitic 12 0.1 
6 mm thick 
as-cut, initially fully austenitic 15 0.1 
without burr, initially fully austenitic 18 0.1 
polished, initially fully austenitic 9 0.1 
2 mm thick type 1 
smooth, initially fully austenitic 9 -1 
pre-notched, initially fully austenitic 6 -1 
smooth, 22%-vol. α'-martensite 7 -1 
pre-notched, 22%-vol. α'-martensite 6 -1 
smooth, 60%-vol. α'-martensite 8 -1 
pre-notched, 60%-vol. α'-martensite 8 -1 
4.3.6.4. Temperature monitoring 
Before starting the cyclic tests at resonance pulsation and servo-hydraulic test stands, 
the specimen's surfaces were cleaned with ethanol and covered with a small layer of graphite 
in order to get a surface with high emissivity coefficient (εc). The temperature monitoring was 
performed by a pyrometer model Marathon MM-LT from the company Raytec. The 
equipment was calibrated to εc = 0.95. The pyrometer was positioned 220 mm away from the 
sample surface and the measurement spots were located on the central part of the specimens 
in a surface not directly reached by the cooling air jet. 
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4.3.7. Fractography 
After fatigue tests, cracked specimens were cooled in liquid N2 and stretched until 
their complete break by means of a servo-electric machine model Inspekt 60 from the 
company Hegewald & Peschke Meß- und Prüftechnik GmbH. Afterwards, the fractured 
surfaces were immersed in ethanol and cleaned during 5 minutes by means of an ultrasound 
shaker bath Sonorex Super RK 106 model from the company Bandelin Electronic GmbH. 
Furthermore, a layer of vaporized gold was deposited on the fractured surfaces by means of a 
rotary-pumped coating system model Q150R from the company Quorum Technologies Ltd. 
Finally, the fractographic investigation of fatigued samples was accomplished by means of a 
scanning electron microscope type JSM 6610 from the company JEOL. 
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5. Results and discussion 
In this chapter the results and discussions from experiments, which procedures were 
elucidated in chapter 4, are presented. In order to clarify which region of the sample is being 
mentioned in the following sections a sketch of a specimen showing the main characteristics 
of a specimen in the as-cut condition was created and depicted in Fig. 5.1. Moreover, a plane 
named in the present work as “plane N” and the loading axis for fatigue tests are also 
schematically shown.  
 
Fig. 5.1.  Sketch of a specimen in the as-cut condition schematically showing its main 
characteristics, the “plane N” and the loading axis for fatigue tests. 
5.1. Impact of laser cutting on specimen’s characteristics and fatigue behavior 
The influence of laser beam cutting on the specimen surface and subsurface 
characteristics as well as on the fatigue behavior is discussed in the following sections. The 
analyses were performed using specimens with 2 mm, 4 mm and 6 mm thickness produced 
according the geometries showed in Fig. 4.4b, 4.5a and 4.5b, respectively. 
loading axis 
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5.1.1. Impact of laser cutting on surface and subsurface characteristics 
During the cutting process not only a surface relief is created over the cut edge but 
also burr in the form of recast drops are deposited at the underside of the cut surface. The cut 
surface from specimen front view and the burr from the specimen top view for samples with 2 
mm, 4 mm and 6 mm thickness in the as-cut condition are shown in Fig. 5.2.  
 
Fig. 5.2.  (a) Specimen front view and (b) specimen top view; surface relief and burr, 
respectively, after laser cutting of (c) 2 mm, (d) 4 mm and (e) 6 mm sheet 
thickness in the as-cut condition. 
The cut surface and the schematic representation of the roughness measurements 
positions at 0.3 mm from the upper side (position 1), at the center line (position 2) and at 
0.3 mm from the underside (position 3) of the kerf surface, and the cut edge surface profile at 
each position for a sample with 2 mm, 4 mm and 6 mm thickness are shown in Fig. 5.3, 
Fig. 5.4 and Fig. 5.5, respectively.  
One can observe three regions with distinct morphologies along the cut surfaces. At 
the upper area, it is possible to see finer striations vertically oriented. At the lower region 
wider striations with more irregular pattern are observed. Additionally, the striations of 2 mm 
thick specimen in the half lower part have a more distinct inclination, which is promoted by a 
higher cutting speed [66]. Additionally, between the upper and lower regions a transition area 
can be recognized. Moreover, the differences between the burr characteristics for plates with 
2 mm, 4 mm and 6 mm thickness are clearly visible. For plates with thickness of 2 mm and 
4 mm, one can observe continuous dross along the underside of the cut edge, whereas for 
a) 
b) 
c) 
d) 
e) 
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6 mm thickness it appears in the form of separated drops with 0.30 ±0.06 mm height 
periodically spaced in a distance of 0.9 ±0.5 mm.  
 
Fig. 5.3.  (a) Cut surface and the schematic representation of the roughness measurements 
positions (see lines denominated with 1, 2 and 3), and (b) the respective cut edge 
surface profiles of a 2 mm sheet thickness cut by laser. 
 
 
Fig. 5.4.  (a) Cut surface and the schematic representation of the roughness measurements 
positions (see lines denominated with 1, 2 and 3), and (b) the respective cut edge 
surface profiles of a 4 mm sheet thickness cut by laser. 
 
a) 
b) 
a) 
b) 
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Fig. 5.5.  (a) Cut surface and the schematic representation of the roughness measurements 
positions (see lines denominated with 1, 2 and 3), and (b) the respective cut edge 
surface profiles of a 6 mm sheet thickness cut by laser. 
Table 6 presents the surface roughness measurements of the cut surface at position 1, 2 
and 3 in terms of the average roughness Ra, average of the difference between the five highest 
peaks and five deepest valleys Rz and the maximum peak-valley distance Rmax over the 
measured length. The results show that increasing the plate thickness results in a more 
pronounced roughness, and it is not constant over the kerf width, becoming rougher from the 
specimen upper side towards its underside (from position 1 towards position 3).  
The process of cutting and flush melted material away involves complex dynamic 
mechanisms, which are not laminar and uniform. Accordingly, one can see in Fig. 5.3, 
Fig. 5.4 and Fig. 5.5, the cut surfaces present striations with a repetitive pattern, suggesting 
that this process has a cyclic behavior and the material is not continuously melted. Based on 
observations of the cut edge during the cutting process using a high-speed imaging camera, 
the laser beam melts a portion of the material, which is expelled by the assist-gas. Afterwards, 
a new portion of the material located further forward is melted and expelled and this process 
continuously takes place forming overlaps of recast material. Moreover, the pattern of these 
striations becomes more inhomogeneous towards the lower part of the cut edge. This behavior 
a) 
b) 
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is promoted by an avalanche-like mechanism based on the fact that the lower regions of the 
cut surface accumulate the melted material from the upper regions. Therefore, with more 
amount of melted material in the lower area, the roughness becomes more pronounced. 
Another factor which contributes to the higher roughness is the fact that the assist-gas loses 
pressure along the thickness of the cut piece, reducing its efficiency to expel the melted 
material from the cut kerf. The same mechanism explains the higher roughness for thicker 
parts. More energy is necessary to cut the plate, which is promoted by slower cutting speeds. 
It increases the amount of melted material in the cut front, which, in turn, influences the 
increase of roughness. 
The maximum produced cutting kerf width using the process parameters presented in 
Table 4 for plates with 2 mm thickness is 0.24 mm. Considering Ra measured at position 3 in 
equation (22), it results in a cutting performance of 10.1×10
5
 1/s. For the plate with 4 mm 
thickness the values of cutting kerf width and cutting performance amounts to 0.25 mm and 
2.5×10
5
 1/s, respectively, whereas it is 0.35 mm and 1.1×10
5
 1/s for the 6 mm thick plate. 
Thereby, one can postulate a cutting performance around four and ten times lower to cut 
plates with 4 mm and 6 mm thickness, respectively, compared to the process performance for 
2 mm plates. 
Table 6.  Roughness measurements of the cut edge at three different positions (see Fig. 5.3, 
Fig. 5.4 and Fig. 5.5 for the positions 1, 2 and 3) for specimens with 2 mm, 4 mm 
and 6 mm thickness. 
 
 
Specimen  Position Ra [µm] Rz [µm] Rmax [µm] 
2 mm thick 
1 0.9 0.3 6.4 1.6 8.1 2.8 
2 1.7 0.1 9.8 0.7 12.1 1.1 
3 2.2 0.3 13.9 0.4 20.3 0.9 
4 mm thick 
1 3.3 0.9 20.7 5.9 23.3 8 
2 5.2 1.9 29.6 8.5 36.8 9.7 
3 5.7 0.4 31.9 1.5 41.3 8.3 
6 mm thick 
1 2.8 0.3 16.8 0.8 19.8 2.8 
2 5.2 0.2 29.0 1.3 36.5 2.5 
3 5.9 0.2 33.5 2.5 49.9 3.3 
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When a workpiece is being cut by laser beam a portion of the material is melted and 
expelled by the assist-gas from the cut kerf. A layer of recast material in the near-surface 
region of the cut edge is created as showed in Fig. 5.6, Fig. 5.7 and Fig. 5.8 for specimens 
with 2 mm, 4 mm and 6 mm thickness, respectively. The microstructures were revealed by 
SEM of the etched investigated material from a section oriented according to “plane N” (see 
Fig. 5.1). A finer recast structure is observable from the specimen surface to a depth of 
approximately 20 µm for plates with 2 mm and 4 mm thicknesses, and 8 µm for the plate with 
6 mm thickness. The creation of this finer structure is associated with a hardness increase for 
the 2 mm thick plate to 219.1 ±21.6 HV 0.01, which is around 28% higher in comparison to 
the bulk material. For the plate with thickness of 4 mm a hardness increase to 216.3 ±12.7 HV 
0.01, which is around 21% higher in comparison to the bulk material, is observed. Due to the 
narrow layer of recast material for samples with 6 mm thickness it was not possible to 
measure the hardness in this region using the Vickers micro indentation. The microstructural 
changes in the region of the cut edge are determined by thermal input from the laser cutting 
process. For the same plate thickness, on the one hand when energy in a higher rate is 
introduced in the workpiece a wider layer of recast material is created. This phenomenon is 
promoted by lower cutting speed or higher laser output power. On the other hand, smaller 
beam diameter at the focal position produces smaller width of recast material. Moreover, 
higher temperature gradients, which are promoted by higher flow and higher pressure of the 
assist-gas, contribute to the creation of a finer microstructure of the recrystallized material. 
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Fig. 5.6.  SEM micrograph of the etched material surface in the near-surface area of the cut 
edge oriented according to “plane N” (see Fig. 5.1) from a sample with 2 mm 
thickness normal to the rolling direction. 
 
Fig. 5.7.  SEM micrograph of the etched material surface in the near-surface area of the cut 
edge oriented according to “plane N” (see Fig. 5.1) from a sample with 4 mm 
thickness normal to the rolling direction. 
recast layer 
recast layer 
cut edge 
cut edge 
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Fig. 5.8.  SEM micrograph of the etched material surface in the near-surface area of the cut 
edge oriented according to “plane N” (see Fig. 5.1) from a sample with 6 mm 
thickness normal to the rolling direction. 
During the cutting process, a part of the expelled melted material solidifies at the 
underside of the cut edge in the form of dross. It is easy to identify that the geometric 
inhomogeneity of a burr, which is not completely connected to the plate, causes a pronounced 
macroscopic notch effect introducing a technical crack-like feature; see for this in Fig. 5.9, 
Fig. 5.10 and Fig. 5.11 the scanning electron microscopy of the etched investigated material 
in the near-surface area of the underside of the cut edge in a section oriented according to 
“plane N” from samples with 2 mm, 4 mm and 6 mm thickness, respectively. One can observe 
that increasing the plate thickness, the size of the burr increases. Furthermore, when the 
melted material recasts on the cut edge some internal defects can be created in form of 
trapped gas. It was observed in the analysis by means of optical microscopy presented in Fig. 
5.12 of a cross section oriented according to “plane N” in the near-surface area of the laser cut 
edge for a sample with 4 mm thickness. The optical micrograph depicts a recast layer of a 
width of approximately 50 µm. However, the commonly observed width of such recast layers 
for 4 mm thick samples is around 20 µm. Thereby the excessive presence of melted material 
recast layer 
cut edge 
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combined with the turbulence effect of the ejection gas is the likely reason for the creation of 
pores. Moreover, the presence of this kind of internal defects close to the surface is extremely 
detrimental to the fatigue strength [25], locally increasing the stress and acting as potential 
site for crack initiation. 
 
Fig. 5.9.  SEM micrograph of the etched material surface in the near-surface area of the 
underside of a cut edge in a section oriented according to “plane N” (see Fig. 5.1) 
from a sample with 2 mm thickness. 
 
Fig. 5.10. SEM micrograph of the etched material surface in the near-surface area of the 
underside of a cut edge in a section oriented according to “plane N” (see Fig. 5.1) 
from a sample with 4 mm thickness. 
burr 
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Fig. 5.11. SEM micrograph of the etched material surface in the near-surface area of the 
underside of a cut edge in a section oriented according to “plane N” (see Fig. 5.1) 
from a sample with 6 mm thickness. 
 
Fig. 5.12.  Optical microscopy of a cross section oriented according to “plane N” (see 
Fig. 5.1) in the near-surface area of a cut edge, and an internal defect in the recast 
layer of a sample with 4 mm thickness. 
5.1.2. Influence of laser beam cutting on fatigue behavior 
In Fig. 5.13 the cyclic testing results and respective S-N curves of fatigue samples 
with 2 mm (type 2 specimen), 4 mm and 6 mm thickness (see Fig. 4.4 and Fig. 4.5) loaded at 
pore 
recast 
layer 
burr 
cut edge 
cut 
edge 
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100 Hz in the as-cut condition loaded under load-controlled mode at R = 0.1 are compared. 
The horizontal straight lines are specified from the fatigue limits determined by staircase tests 
and statistical analyses [88] with 50% of survival probability for a total number of cycles N = 
10
7
. Without further post-processing, the durability of laser cut samples underlies all three 
effects simultaneously: surface roughness profile, burr along the underside of the cut edges 
and recast layer along the cut surface. In this case, a minor tendency towards a decrease of 
fatigue strength with increasing sheet thickness can be observed. The difference in the S-N 
curve slopes can be attributed to the scatter of test results and can therefore be neglected.  
 
Fig. 5.13.  Fatigue test results and S-N curves of specimens with 2 mm (type 2), 4 mm and 
6 mm thickness tested in the as-cut condition. 
Fatigue tests from different sample conditions allow for an evaluation of the influence 
of surface roughness and burr at the underside of the cut edge in comparison to the original 
material in a macroscopically quasi defect-free state represented by the polished samples. The 
test results from specimens type 2 with 2 mm thickness without post-processing, with 
trimmed burr and with electrochemically polished surfaces loaded at 100 Hz under load-
controlled mode at R = 0.1 are depicted in Fig. 5.14. The fatigue limit analysis according 
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staircase tests and Dixon and Mood [88] for the ultimate number of cycles N = 10
7
 and 50% 
of survival probability shows a fatigue limit of 367 MPa for samples in the as-cut condition. 
For samples in the polished condition the fatigue limit is 597 MPa. Thus, for the 
aforementioned conditions, the laser beam cutting of metastable austenitic stainless steel AISI 
304 leads to a fatigue strength reduction of around 38% in comparison to specimens in a 
macroscopically quasi defect-free state with thickness of 2 mm. However, the reduction of 
fatigue limit of samples with removed burr in regarding to samples in the polished condition 
is not as pronounced. The fatigue limit decreases from 597 MPa to 486 MPa, which 
corresponds to a decrease of only around 18%. Thereby, an improvement of fatigue strength 
of laser cut samples trimming the cut edges becomes evident. This post-processing leads to a 
regaining of around 32% in fatigue strength. Hence, the macroscopic notch effect in form of 
burr seems to have the most detrimental effect on early failure of laser cut samples. 
 
Fig. 5.14  Fatigue test results and S-N curves of specimens type 2 with 2 mm thickness 
tested in the as-cut, without burr and polished condition. 
The test results from specimens with 4 mm thickness without post-processing, with 
trimmed burr and with polished surfaces loaded at 100 Hz under load-controlled mode at 
R =0.1 are depicted in Fig. 5.15. The fatigue limit analysis according to staircase tests and 
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Dixon and Mood [88] for the ultimate number of cycles N = 10
7
 and 50% of survival 
probability shows for samples with thickness of 4 mm in the as-cut condition a fatigue limit of 
353 MPa. For samples in the polished condition the fatigue limit is 585 MPa. Thus, for the 
aforementioned conditions, the laser beam cutting of metastable austenitic stainless steel AISI 
304 leads to a fatigue strength reduction of around 40% in comparison to polished specimens 
for the sheets with thickness of 4 mm. In the case of samples with trimmed burr, the fatigue 
limit is 386 MPa, which corresponds to a fatigue strength reduction of around 34% in 
regarding to samples in the polished condition. Comparing the test results of samples with 
laser cut surface in the as-cut condition with the results from specimens where the burr was 
removed, no real improvement of fatigue strength due to the post-processing is observed. The 
increase resulting from trimming the burr results in a fatigue limit from 353 to 386 MPa, 
which stands for an increase in cyclic strength of around 9% compared to the as-cut condition.  
 
Fig. 5.15.  Fatigue test results and S-N curves of specimens with 4 mm thickness tested in the 
as-cut, without burr and polished condition. 
The test results from specimens with 6 mm thickness without post-processing, with 
trimmed burr and with polished surfaces loaded at 100 Hz under load controlled-mode at 
R = 0.1 are depicted in Fig. 5.16. The fatigue limits according to staircase tests and Dixon and 
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Mood analysis [88] for the ultimate number of cycles N = 10
7
 and 50% of survival probability 
are 573 MPa, 384 MPa and 342 MPa for the polished, without burr and as-cut sample 
condition, respectively. In comparison to the test results from samples with a thickness of 
4 mm, similar effects for the fatigue strength caused by the laser cutting are observed. Despite 
the fact that for 4 mm and 6 mm thick sheets the trimming of the burr does not seem to have a 
significant potential to regain the original fatigue strength of the base material, the assessment 
of specimens in different conditions demonstrated that the macroscopic notch effect in form 
of burr seems to have at least a more detrimental effect on early failure of laser cut samples in 
comparison to the influence caused by the surface relief. The later finding is somewhat 
surprising considering the surface qualities observed for the different thicknesses (see again 
Fig. 5.3, Fig. 5.4 and Fig. 5.5). 
 
Fig. 5.16.  Fatigue test results and S-N curves of specimens with 6 mm thickness tested in the 
as-cut, without burr and polished condition. 
The fatigue limits regarding the maximum stress (ζf, max) calculated according to 
staircase tests and Dixon and Mood analysis [88] for samples with 2 mm (type 2), 4 mm and 
6 mm thickness tested at 100 Hz under load-controlled mode at R = 0.1 for the ultimate 
number of cycles N = 10
7
 and 10%, 50% and 90% of survival probability are listed in Table 7. 
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ζf, max 10%,  ζf, max 50% and ζf, max 90% denotes the fatigue limit with 10%, 50% and 90% of 
survival probability, respectively, regarding the maximum stress and ultimate number of 
cycles N = 10
7
. One can observe a tendency of fatigue limit reduction with the increase of 
plate thickness for specimens in the as-cut and without burr condition. However, when the 
fatigue limit of polished specimens is taken into consideration to quantify the negative 
influence of cutting process, one can observe, as showed in Table 8, that the fatigue strength 
reduction for specimens in the as-cut condition is basically the same for all evaluated 
thicknesses. This behavior takes place only for specimens with 4 mm and 6 mm thickness in 
the without burr condition. It is evident that removing the burr is more effective at 2 mm to 
increase the fatigue strength of laser cut samples. 
Table 7.  Fatigue limits regarding the maximum stress (ζf, max) for specimens with 2 mm 
(type 2), 4 mm and 6 mm thickness and different conditions tested at R = 0.1 with 
10%, 50% and 90% of survival probability. 
Thickness 2 mm 2 mm 2 mm 4 mm 4 mm 4 mm 6 mm 6 mm 6 mm 
Condition as-cut 
without 
burr 
polished as-cut 
without 
burr 
polished as-cut 
without 
burr 
polished 
ζf, max 10% [MPa] 386 534 615 382 454 615 357 417 611 
ζf, max 50% [MPa] 367 486 597 353 386 585 342 384 573 
ζf, max 90% [MPa] 347 437 579 324 318 555 328 351 535 
 
Table 8.  Fatigue limit reductions for specimens with 2 mm (type 2), 4 mm and 6 mm 
thickness in the as-cut and without burr condition in relation to specimens in the 
polished condition tested at R = 0.1 considering 10%, 50% and 90% of survival 
probability. 
Thickness 2 mm 2 mm 4 mm 4 mm 6 mm 6 mm 
Condition as-cut 
without 
burr 
as-cut 
without 
burr 
as-cut 
without 
burr 
Reduction of fatigue life 
considering ζf, max 10% 
37% 13% 38% 27% 42% 32% 
Reduction of fatigue life 
considering ζf, max 50% 
38% 19% 40% 34% 41% 33% 
Reduction of fatigue life 
considering ζf, max 90% 
40% 25% 42% 43% 39% 35% 
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5.1.3. Fractographic analysis 
The assessment of the fractured surfaces of samples in the three evaluated conditions 
gives valuable information about the failure reasons and the most detrimental effects 
regarding crack initiation and fatigue strength. Fig. 5.17, Fig. 5.18 and Fig. 5.19 show the 
crack starting regions from fractured surfaces oriented in a section according to “plane N” 
analyzed by SEM from specimens with 2 mm (type 2), 4 mm and 6 mm thickness, 
respectively, tested at three different surface conditions and cyclically loaded at 100 Hz and 
R = 0.1. Crack initiation for samples in the as-cut condition always started at the crack-like 
notch at the burr, underlining the previously mentioned assumptions regarding the dominance 
of the macroscopic notch effect. In contrast, for 2 mm thick specimens in the without burr 
condition the crack started from the cut surface, whereas cracks in 4 mm and 6 mm thickness 
samples with trimmed burr normally initiated at pores presented in the interface between the 
recast layer and the base material. In the polished condition for all three specimen thicknesses 
failure relevant cracks started primarily from inclusions on or close to the surface. However, 
not all polished samples showed crack initiation from inclusions, but also from slip bands at 
the surface resulting from the rather high amount of plastic deformation during the fatigue 
tests.  
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Fig. 5.17. SEM micrograph in the crack starting region from fractured surfaces oriented 
according to “plane N” (see Fig. 5.1) of specimens with 2 mm thickness in the 
(a) as-cut condition tested at ζmax = 510 MPa and R = 0.1 up to failure at 1.2×10
5
 
load cycles, (b) without burr condition tested at ζmax = 530 MPa up and R = 0.1 up 
to failure at 4.9×10
5
 load cycles and (c) polished condition tested at 
ζmax = 630 MPa and R = 0.1 up to failure at 5.5×10
5
 load cycles. 
crack 
initiation 
region 
burr 
crack 
initiation 
region 
crack 
initiation 
region inclusion 
a) 
c) 
b) 
cut edge 
cut edge 
originally 
polished 
surface 
Results and discussion 81 
 
 
 
 
 
Fig. 5.18. SEM micrograph in the crack starting region from fractured surfaces oriented 
according to “plane N” (see Fig. 5.1) of specimens with 4 mm thickness in the 
(a) as-cut condition tested at ζmax = 370 MPa and R = 0.1 up to failure at 1.9×10
6
 
load cycles, (b) without burr condition tested at ζmax = 370 MPa and R = 0.1 up to 
failure at 4.2×10
6
 load cycles and (c) polished condition tested at ζmax = 630 MPa 
and R = 0.1 up to failure at 1.5×10
5
 load cycles. 
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Fig. 5.19. SEM micrograph in the crack starting region from fractured surfaces oriented 
according to “plane N” (see Fig. 5.1) of specimens with 6 mm thickness in the 
(a) as-cut condition tested at ζmax = 340 MPa at R = 0.1 up to failure and 2.8×10
6
 
load cycles, (b) without burr condition tested at ζmax = 510 MPa and R = 0.1 up to 
failure at 1.2×10
5
 load cycles and (c) polished condition tested at ζmax = 570 MPa 
and R = 0.1 up to failure at 1.8×10
5
 load cycles. 
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5.1.4. Notch effect assessment 
Notwithstanding an evident difference of surface roughness along the cut edge among 
specimens with 2 mm, 4 mm and 6 mm thickness in the as-cut condition, the difference of 
fatigue strength is not as pronounced as expected, as demonstrated by Fig. 5.13. This behavior 
can be explained by the fact that for specimens in the as-cut condition the surface relief is not 
the dominating fatigue life factor but the inhomogeneous dross located on the underside of the 
cut kerf.  
From equation (25), the fatigue notch factor created by burr (Kf, burr) and the fatigue 
notch factor created by pores (Kf, pore) can be quantified according to equations (30) and (31), 
respectively. Based on the fatigue limits regarding the maximum stress with 50% of survival 
probability (ζf,max 50%), and ultimate number of cycles N = 10
7
, the Kf, burr from plates with 
2 mm, 4 mm and 6 mm thickness is 1.6. However, the absence of burr on the cut edge of 
specimens thicker than 4 mm does not create a regain of fatigue strength as pronounced as for 
plates with 2 mm thickness. The fractographic results indicate that the presence of pores in the 
interface between the recast layer and the base material or inside the recast material is the 
restricting parameter. According to equation (31), the fatigue notch factors with 50% of 
survival probability created by pores (Kf, pore) for specimens with 4 mm and 6 mm thickness 
are 1.5. It shows that the detrimental effect created by pores is around 10% less pronounced 
than that created by burrs. Therefore, to increase the fatigue life of parts thicker than 4 mm cut 
by laser beam two remedies are postulated. Firstly, the laser cutting process should be further 
optimized in order to minimize the burr at the cut edges. Secondly, pores in the recast material 
or in the interface between the recast layer and the bulk material should be avoided, which 
again will be a goal for the process optimization. 
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According to Wetzig et al. [89], burr at the lower region of the cut surface can be 
avoided using beam oscillation at a frequency of 5 kHz and a displacement angle of 1.6° 
during the cutting process. An alternative solution presented by Birkett et al. [90] is to use a 
gas jet directed from the bottom side of the workpiece. Moreover, for thicker plates made of 
stainless steel, positioning the laser beam focus below the surface about half of the material 
thickness may also contribute to the reduction of burr [64]. However, this solution also causes 
a low power density near the top of the plate, as a consequence reducing the cutting speed that 
is necessary to realize the throughout cut. Caristan et al. [65] showed that using a bifocal 
technology with one focus positioned near the top surface and the other near the bottom of the 
plate, the reduction of dross and at the same time higher cutting speeds are feasible. 
Moreover, applying lower cutting speeds to process thick plates can cause instabilities and 
abnormal molten regions, blowouts and pores on the recast material [49]. Based on that, the 
cutting parameters, in special from the group “assist-gas” presented in Table 4, shall be 
carefully evaluated and optimized to produce parts free of pores in order to improve the 
fatigue behavior.  
5.1.5. Local analysis of phase transformation 
Fig. 5.20 shows the phase-map from an EBSD analysis in a near-surface region from a 
laser cut specimen in the initially fully austenitic state cyclically loaded under load-controlled 
mode with a load equivalent to a stress level of ζmax = 370 MPa at test frequency of 100 Hz 
and stress ratio R = 0.1. No failure was detected up to N = 10
7
 cycles. The phase-map 
depicted in Fig. 5.20 shows that the deformation-induced transformation from γ-austenite to 
'-martensite mostly nucleated along slip bands and at grain boundaries. In the lower center 
part of the phase-map a grain completely consisting of '-martensite phase can be observed. It 
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shows that even far below the fatigue limit local phase transformation can be triggered by 
cyclic deformation. Whether the volume fraction of '-martensite formed during cyclic 
deformation as shown in Fig. 5.20 does already have an overall effect on the fatigue strength, 
however, is doubtful. In case of crack-afflicted samples with laser-cut surfaces the situation is 
different as the subsequently presented results will demonstrate.  
 
Fig. 5.20.  Phase-map from EBSD analysis in the near-surface region of a run-out laser cut 
specimen in the initially fully austenitic condition tested at ζmax = 370 MPa, 
R = 0.1 and 100 Hz up to N = 10
7
 load cycles. 
The '-martensite formation is observed randomly distributed along the laser cut 
surface and evidently at the crack tip region according to the phase-map showed in Fig. 5.21a 
and Fig. 5.21b, respectively, from a sample tested under load-controlled mode at ζmax = 380 
MPa up to failure at 3.6×10
5
 load cycles at test frequency of 100 Hz and load ratio R = 0.1. 
The pronounced '-martensite formation can be explained by the high local plastic 
deformation at the crack tip region. As a consequence of the '-martensite formation, a 
significant zone of compressive stress ahead of the crack tip arises due to the volume 
expansion caused by the phase transformation [41], decreasing the effective tensile stress at 
this region, reducing the crack propagating rate and can cause the crack closure [37]. 
Additionally, the detrimental effect of laser cut related micro-notches on the decrease of 
γ-austenite phase 
α'- martensite phase 
loading 
direction 
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cyclic strength may be minimized by compressive stresses promoted by '-martensite 
formation along the cut surface. 
 
Fig. 5.21.  Phase-map from EBSD analysis (a) in the near-surface region and (b) at the crack 
tip region of a laser cut specimen in the initially fully austenitic condition tested at 
ζmax = 380 MPa, R = 0.1 and 100 Hz up to Nf = 3.6×10
5
 load cycles. 
5.2. Fatigue behavior and notch effect under different α'-martensite volume contents 
5.2.1. Fatigue strength analysis 
The fatigue limits with 90% of survival probability (ζf, max 90%) for a total number of 
cycles N = 5×10
6
 determined by staircase tests and statistical analysis [88] for samples type 1 
with thickness of 2 mm (see Fig. 4.4) are shown in Fig. 5.22. Specimens in smooth polished 
condition as well as containing a single U-shaped notch, whose geometry is shown in Fig. 4.6, 
were tested at 100 Hz under load-controlled mode. The cyclic experiments were carried out at 
purely reversal load condition (R = -1) with specimens in the originally fully austenitic 
condition as well as with 22%-vol. and 60%-vol. of α'-martensite obtained prior the cyclic 
experiments. One can observe that for smooth specimens increasing the amount of α'-
martensite from 0 to 22% the fatigue strength increases from 254 MPa to 445 MPa, which 
represents an improvement of 75%. However, increasing the α'-martensite volume fraction 
γ austenite phase 
α'- martensite phase 
a) b) 
loading 
direction 
cut edge 
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from 22% to 60%, only a slight increase of fatigue strength is observed. For pre-notched 
specimens, the fatigue limit exhibits an increase from 138 MPa to 182 MPa when the α'-
martensite volume content increases from zero to 22%. Therefore, an improvement of 32% is 
observed. However, increasing the amount of α'-martensite to 60%-vol. a reduction of fatigue 
limit to 117 MPa is noted. Hence, a higher notch sensitivity for specimens containing higher 
amounts of α'-martensite is observed.  
 
Fig. 5.22.  Fatigue limits with 90% of survival probability for samples type 1 with thickness 
of 2 mm containing a single U-shaped notch and in smooth condition tested at 
R = -1. 
The fatigue strength in the originally fully austenitic condition and with 22%-vol. of 
α'-martensite is in good agreement with the results presented by Müller-Bollenhagen [1]. 
However, for samples with 54%-vol. of α'-martensite the fatigue limit presented by the author 
is around 13% higher than that presented in this investigation for 60%-vol of α'-martensite. 
For samples from different batches it is expected differences in the material chemical 
composition as well as in the amount and distribution of inclusions. As the material presents a 
remarkable notch sensitivity for high amounts of α'-martensite, inclusions play a strong 
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influence in the fatigue strength, which may explain the difference in the fatigue strength 
reported in [1]. 
The phase transformation from austenite to α'-martensite can occur during the 
manufacturing of components due to plastic deformation. Moreover, it is not uncommon the 
presence of defects on the part surface introduced not only by laser beam cutting, but also 
from other processes, e.g. machining, stamping and welding. These defects as well as 
geometrical abrupt changes on part shapes such as keyway, holes and flanges introduce a 
notch effect. Based on that, a high level of plastic deformation of parts must be carefully 
analyzed when a notch is present, and the formation of α'-martensite must be quantified in the 
notch near region in order to avoid an extreme decrease of fatigue strength. 
The U-shaped notch introduced in the evaluated fatigue samples has according to 
equation (24) a stress concentration factor Kt, which is only a function of the notch geometry, 
of 3.98. However, the effective stress concentration factor Kf takes into consideration the 
material properties, varying according to the amount of α'-martensite. The Kf and the notch 
sensitivity (q) calculated according to (25) and (26), respectively, are listed in Table 9. One 
can observe that Kf and q are higher for higher amounts of α'-martensite. Therefore, the higher 
the amount of α'-martensite, the higher the notch sensitivity becomes. One can observe a 
significant discrepancy between Kt and Kf for specimens in the initially fully austenitic state 
and with 22%-vol. of α'-martensite. In this case, the use of Kt to predict the fatigue strength of 
notched parts is not suitable, and if used it could lead to an over dimensioning of components. 
However, for specimens with 60% of martensite volume content the value of q approaches to 
1, showing in this case that Kf and Kt are similar, implying that Kt can be applied to evaluate 
the influence of notch on fatigue strength with a minimal result deviation. 
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Table 9.  Fatigue effective stress concentration factor (Kf) and notch sensitivity (q), for 2 
mm thick type 1 samples with two different amounts of α'-martensite and 
containing a single U-shaped notch (see Fig. 4.4 and Fig. 4.6) 
Specimen condition Kf q 
Initially fully austenitic 1.84 0.28 
22% vol. α'-martensite 2.44 0.48 
60% vol. α'-martensite 3.86 0.88 
5.2.2. Fractographic analysis 
Fig. 5.23 shows a optical microscopy of the crack starting region from a pre-cracked 
type 1 specimen with 2 mm of thickness and with 22%-vol. of α'-martensite analyzed after 
being cyclically loaded at 100 Hz under load-controlled mode at R = -1. The test was carried 
out at ζmax = 205 MPa up to failure at Nf = 1.2×10
5
. As one can observe, the crack started at 
the notch root. For all samples with a single U-shaped notch and different fractions of α'-
martensite, cracks always started from this same region. 
Fig. 5.24, 5.25 and 5.26 show the crack starting region from fractured surfaces 
oriented according to “plane N” and analyzed by SEM for samples in the initially fully 
austenitic condition, with 22%-vol. of α'-martensite and 60%-vol of α'-martensite, 
respectively. Smooth polished type 1 specimens with thickness of 2 mm were analyzed after 
being cyclically loaded at 100 Hz under load-controlled mode at R = -1. The test with a 
sample in the initially fully austenitic condition was carried out at ζmax = 270 MPa up to 
failure at Nf = 1.7×10
5
, whereas, the specimen containing 22% of α'-martensite at ζmax = 460 
MPa up to failure at Nf = 1.3×10
5
, and the specimen with 60% of α'-martensite at ζmax = 465 
MPa up to failure at Nf = 2.0×10
5
. Crack initiation for polished smooth samples tested at  
R = -1 in the initially fully austenitic condition and with 22% of α'-martensite volume content 
always started from the surface (see Fig. 5.24 and Fig. 5.25, respectively). However, for 
smooth polished samples in the initially fully austenitic condition tested at R = 0.1, as showed 
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in section 5.1.3, cracks started from inclusions on or close to the surface. This failure 
mechanism was caused by the debonding of an inclusion from the austenitic matrix promoted 
by high applied tensile loads. However, for cyclic tests carried out at purely reversal load 
condition the maximum applied tensile loads were much lower in comparison to the tests at 
R = 0.1, being probably not enough to promote the debonding of a failure-relevant inclusion 
from the matrix. 
Higher amounts of α'-martensite increases the overall material strength. However, the 
fatigue limit of samples containing 60%-vol of α'-martensite is not higher in comparison to 
that of samples with 22% of α'-martensite volume content, according showed in Fig. 5.22. 
This behavior is promoted by a higher notch effect sensitivity of samples containing 60%-vol. 
of α'-martensite, restricting the increase of fatigue strength. The cracks in samples with 60% 
of α'-martensite volume content always started primarily from inclusions on or close to the 
surface (see Fig. 5.25). 
 
Fig. 5.23.  Optical microscopy of the fractured region of a pre-notched specimen type 1with 
2 mm thickness with 22% of α'-martensite volume content tested at 
ζmax = 205 MPa and R = -1 up to failure at 1.2×10
5
 load cycles. 
specimen 
surface 
loading 
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Fig. 5.24.  SEM micrograph of the fractured surface of a smooth specimen type 1with 2 mm 
thickness in the initially fully austenitic condition tested at ζmax = 270 MPa and 
R = -1 up to failure at 1.7×10
5
 load cycles. 
 
Fig. 5.25.  SEM micrograph of the fractured surface of a smooth specimen type 1with 2 mm 
thickness with 22% of α'-martensite volume content tested at ζmax = 460 MPa and 
R = -1 up to failure at 1.3×10
5
 load cycles. 
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Fig. 5.26.  SEM micrograph of the fractured surface of a smooth specimen type 1with 2 mm 
thickness with 60% of α'-martensite volume content tested at ζmax = 465 MPa and 
R = -1 up to failure at 2.0×10
5
 load cycles. 
5.3. Influence of load frequency on fatigue behavior 
The investigation of the influence of surface and subsurface condition due to laser 
beam cutting on the fatigue behavior as well as the evaluation of the notch effect under 
different amounts of α'-martensite for metastable austenitic stainless steel AISI 304 were 
accomplished performing high frequency fatigue testing. However, normally the load 
frequency of components while in application is not as fast as in high frequency testing. For 
this reason, the influence of load frequency on cyclic response and fatigue behavior of the 
metastable austenitic stainless steel AISI 304, which is well known for its high strain rate 
sensibility [1, 2], is in the present work assessed. Besides, the role of surface defects 
introduced by laser beam cutting on the influence of load frequency on fatigue behavior is 
analyzed. 
crack 
initiation 
region 
inclusion 
specimen 
surface 
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5.3.1. Load-increase tests and α'-martensite formation 
The measurements of α'-martensite volume content during load-increase tests 
performed at 100 Hz and 1,000 Hz at R = 0.1 using polished type 2 specimens with 2 mm of 
thickness (see Fig. 4.4) in the originally fully austenitic and pre-deformed states are shown in 
Fig. 5.27 and Fig. 5.28, respectively. In the diagrams changes of specimen surface 
temperature (ΔT) in the course of the fatigue tests are also depicted. The results presented in 
Fig. 5.27 - 5.33 are examples for the fatigue behavior of various tests carried out at similar 
test strategies with slightly varying test parameters regarding stress amplitudes and, when 
applied, number of cycles increments. The results described and discussed in the following 
were observed for each of the tests carried out and are therefore representative for the 
behavior of the austenitic stainless steel 304 in the condition given. In Fig. 5.27 a clear 
dependence of the α'-martensite formation and fatigue strength on the test frequency is seen. 
For the specimen cyclically loaded at a higher frequency a lower amount of α'-martensite 
formation during the experiment is observed. Moreover, an earlier failure of the specimen 
loaded at higher frequency is noted. The sample tested at 1,000 Hz failed at ζmax = 610 MPa, 
whereas at 100 Hz the failure took place at ζmax = 660 MPa. A significantly earlier failure for 
similar load-increase tests was observed. Additionally, the higher the load level, the higher the 
difference of α'-martensite volume content between the specimens tested at different 
frequencies. 
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Fig. 5.27. Load-increase tests and α'-martensite volume content measurements for polished 
type 2 specimens with thickness of 2 mm in the initially fully austenitic state. 
Due to the pronounced tendency of self-heating caused by the damping behavior and 
the low thermal conductivity of stainless steels, it is very difficult to completely eliminate the 
specimen temperature increase when the material is plastically deformed. Hence, irrespective 
of the cooling systems installed (compare chapter 4) at the high frequency test stands, self-
heating could not be fully suppressed. Moreover, from stresses higher than 600 MPa it was 
necessary to fix the samples very close to its highest stressed region in order to avoid cyclic 
test instabilities. For this reason the upper and lower part of the gripping device were placed 
very close to each other, covering the temperature measurement spot, making not possible 
anymore the temperature measurements. The maximum ΔT measured up to the stress level of 
ζmax = 600 MPa at lower frequency was 11 K, whereas it was 23 K for the higher frequency. 
Thus, the active cooling system, which was applied during fatigue testing, was able to 
minimize the specimens heating. Nevertheless, this higher temperature levels for tests at 
higher frequency, as demonstrated by [43], causes lower α'-martensite formation. As a 
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consequence, the effect of test frequency and temperature increase cannot be discussed totally 
separated in this study.  
Temperature measurements can be used to characterize the plastic deformation 
process. An increase of specimen temperature in the first load cycles than reaching a 
maximum before slightly decreasing again at each stress level is observed in Fig. 5.27. This 
behavior is clearer noted at 1,000 Hz because the cooling system less efficiently counter acted 
the effect of specimen self-heating in comparison to the test at 100 Hz. On the one hand the 
increase of temperature indicates an increase of plastic strain amplitude (Δεpl/2) as 
demonstrated by [91, 92]. Hence, the sample maximum temperature shows when the 
maximum Δεpl/2 occurs. On the other hand, the temperature decrease is a sign of Δεpl/2 
reduction [91, 92], or at least a transition towards a saturation status. Thus, the gain of α'-
martensite volume content during the cyclic loading goes along with a decrease or at least a 
stabilization of Δεpl/2. Hence, with the phase transformation a beneficial effect on the fatigue 
behavior is expected. Furthermore, the formation of α'-martensite in the zone surrounding the 
crack tip, as presented in Fig. 5.21b, is another positive factor which can promote a crack 
closure effect or the reduction of crack growth rate. The volume expansion at this zone causes 
a reduction of the effective tensile stress in the crack tip region, which, in turn, improves the 
fatigue life [37]. 
As showed in various investigations for fatigue tests performed at purely reversal 
loading condition (R = -1) under load-controlled mode [1, 93] and strain-controlled mode [2] 
with the effect of specimen self-heating suppressed, higher test frequency leads to higher 
amounts of α'-martensite formation, lower plastic strain amplitudes and higher cyclic 
strengths. However, this behavior is exactly the contrary observed in the present investigation 
(see again Fig. 5.27). Hence, either the loading mode or the moderate temperature increase 
plays an important role on the formation of α'-martensite and as a consequence on fatigue 
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behavior of metastable austenitic stainless steels. These phenomena of the difference in cyclic 
behavior and its reasons will be discussed in section 5.3.4. 
Fig. 5.28 shows the measurements of α'-martensite volume content in the course of 
load-increase tests using polished specimens pre-deformed at stress level of 570 MPa 
according the procedure described in section 4.3.6.1. The maximum change in surface 
temperature ΔT during cyclic loading reached ΔT = 9 K at lower frequency, whereas it was 
23 K for the test at 1,000 Hz. It can be observed that no increase of α'-martensite volume 
content took place at both test frequencies up to the stress level ζmax = 600 MPa. From the 
stress level ζmax = 620 MPa on the amount of α'-martensite formed is significantly higher for 
the specimen loaded at lower frequency. Moreover, the sample tested at 100 Hz failed at 
ζmax = 650 MPa, whereas at 1,000 Hz failure occurred at ζmax = 640 MPa. Thus, the difference 
of fatigue strength between the specimens tested at 100 Hz and 1,000 Hz in the pre-deformed 
state is not as pronounced as that presented for specimens cyclically loaded in the initially 
fully austenitic condition (compare Fig. 5.27 and Fig. 5.28). Actually, such minor difference 
can well be interpreted as scatter typical for fatigue behavior. For tests at higher frequency it 
is observed that the amount of α'-martensite present in the monotonically pre-deformed 
specimen was already higher before fatigue testing than the amount formed during cyclic 
loading until failure in the specimen without pre-deformation. The fact that at 1,000 Hz the 
pre-deformed specimen in comparison to the specimen in the initially fully austenitic state 
reaches a higher fatigue strength correlates with the results presented in [2], where a higher 
amount of α'-martensite leads to an increased cyclic strength. In contrast, for tests performed 
at 100 Hz, at a stress level ζmax = 620 MPa the volume fraction of α'-martensite formed during 
cyclic loading reaches similar values for samples in the pre-deformed and not pre-deformed 
states. This, in turn, explains the similar fatigue strength of samples in these two different 
states (compare Fig. 5.27 and Fig. 5.28). 
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Fig. 5.28.  (a) Load-increase tests and α'-martensite volume content measurements for 
polished type 2 specimens with thickness of 2 mm in the pre-deformed state, and 
(b) higher magnification of temperature curves up to N = 8.0×10
4
 load cycles.  
One can observe in Fig. 5.28a that for stress levels without additional phase 
transformation during cyclic deformation an increase of temperature during the first load 
cycles of each stress level followed by temperature stabilization is seen. This temperature 
change behavior can be seen more clearly in Fig. 5.28b, where the temperature curves up to 
N = 8.0×10
4
 load cycles were extracted from Fig. 5.28a and are shown in higher 
magnification. From the stress level ζmax = 610 MPa at 1,000 Hz after an increase of 
temperature in the first load cycles, the maximum temperature is reached followed by its 
a) 
b) 
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continuous decrease. At this stress level, an apparent phase transformation is noted. At 
100 Hz, the most pronounced increase of α'-martensite volume content, from 4.6%-vol. to 
10.6%-vol., is observed at stress level ζmax = 620 MPa. A significant increase of α'-martensite 
volume content at stress level ζmax = 620 MPa is also observed at 1,000 Hz, however the 
subsequent increase is far less than at 100 Hz. According to [42, 92] a critical threshold value 
of plastic strain amplitude and cumulated plastic strain needs to be exceeded to initiate a 
deformation-induced α'-martensite transformation. Thus, the steep increase of α'-martensite 
shows that this limit was exceeded irrespective of the test frequency. Hence, the test 
frequency does not have an impact on the threshold valued for martensite formation caused by 
cyclic loading, but it does have an influence on the amount of α'-martensite formed. At 
ζmax = 620 MPa a pronounced increase of temperature can also be observed, which 
continuously decreases throughout the following load cycles at this stress level. The same 
phenomenon is seen for subsequent stress levels. Thus, the decrease of specimen temperature 
during a single stress step correlates with the increase of α'-martensite volume content.  
5.3.2. Fatigue tests at constant stress amplitude and α'-martensite formation 
 The fatigue test results and the volume fraction of α'-martensite measured during the 
fatigue experiments at constant stress amplitude and stress levels of ζmax = 530 MPa and 
ζmax = 590 MPa, load frequency of 100 Hz and 1,000 Hz and stress ratio R = 0.1 again using 
polished type 2 specimens with 2 mm of thickness (see Fig. 4.4) in the originally fully 
austenitic state are presented in Fig. 5.29. A clear dependence of α'-martensite formation on 
the test frequency, stress level and number of cycles is seen. At higher test frequency lower 
volumes of α'-martensite are formed. This is accompanied by an early failure of the sample. 
For the sample tested at ζmax = 530 MPa the failure occurred at Nf = 4.5×10
5
 load cycles, 
whereas at ζmax = 590 MPa the failure occurred at Nf = 6.2×10
4
. At 100 Hz the samples 
reached N = 10
7
 cycles without showing any macroscopic crack. One can observe that the 
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higher the stress, the higher the α'-martensite volume fraction that is formed during cyclic 
deformation at both test frequencies. Moreover, the phase transformation mainly occurs 
during the first hundred thousand cycles followed by a saturation state after 5×10
5
 cycles at 
100 Hz at both stress levels. At 1,000 Hz the saturation state is reached after 5×10
4
, with the 
exception of the sample tested at ζmax = 590 MPa, which failed before achieve a saturation 
state. The higher α'-martensite volume content goes along with an increased fatigue lifetime. 
However, these findings must be viewed in context with the fact that although not being 
measured a slight increase in temperature during fatigue testing at 1,000 Hz comparable to 
that observed in the load-increase tests must be assumed.  
 
Fig. 5.29.  Fatigue tests performed at constant stress amplitude on polished type 2 specimens 
with thickness of 2 mm in the initially fully austenitic state and presentation of α'-
martensite volume fractions versus number of cycles. 
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5.3.3. Fractographic investigation 
In this chapter the focus will lie on the fractured surface characteristics analysis of 
samples tested at ζmax = 440 MPa, load ratio of R = 0.1 and test frequencies of 100 Hz and 
1,000 Hz using 2 mm thickness type 3 specimens (see Fig. 4.4) in the without burr condition 
and in the initially fully austenitic state. In order to evaluate fractured surfaces from samples 
failed at the same stress level with comparable number of cycles, since polished specimens do 
not generated fails is these conditions, samples with surface relief from the laser cutting 
process were analyzed. For the sample cyclically tested at 100 Hz, the failure took place at 
Nf = 2.86×10
5
 cycles, whereas at 1,000 Hz the failure occurred at Nf = 1.56×10
5 
cycles. 
Fractographies taken from scanning electron microscopy in the crack initiation region in a 
plane oriented according to “plane N” (see Fig. 5.1) are shown in Fig. 5.30. The specimen 
tested at 100 Hz is presented in Fig. 5.30a and the specimen tested at 1,000 Hz in Fig. 5.30b. 
For the specimen cyclically loaded at higher frequency one can observe a fractured surface 
with rougher characteristics. Moreover, it is observed in the specimen tested at 100 Hz a 
larger area with a smoother fractured surface in the crack initiation region, as indicated by the 
white lines in Fig 5.30. Other evaluated specimens tested at 100 Hz and 1,000 Hz showed the 
same aforementioned morphology features. The characteristics of the fractured surfaces gives 
valuable information about the different stages of fatigue crack growth. As demonstrated by 
[94, 95] for high Cr alloyed cold work tool steel and AISI 420 steel, respectively, the region 
of the cracked surface with lower roughness is correlated with the stage which the crack 
propagates at very low rate. Since this behavior is already demonstrated for other steels, this 
issue needs to be further investigated for metastable austenitic stainless steels. 
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Fig. 5.30. SEM micrograph in the crack initiation region from fractured surfaces oriented 
according to “plane N” (see Fig. 5.1) of specimens type 3 with 2 mm of thickness 
in the without burr condition in the initially fully austenitic state tested at 
ζmax = 440 MPa and R = 0.1 (a) at test frequency of 100 Hz up to 
Nf = 2.86×10
5 
cycles and (b) at test frequency of 1,000 Hz up to Nf = 1.56×10
5
 
cycles. 
5.3.4. Strain analysis 
While during high frequency testing no direct strain measurements were possible for 
the test system given, additional fatigue tests were carried out at lower test frequencies using a 
servo-hydraulic test setup that was equipped with a strain measurement device. Stress-strain 
hysteresis loops were registered in order to describe the cyclic deformation behavior at 
different test frequencies. Load-increase tests using 2 mm thick type 3 specimens (see 
Fig. 4.4) in the without burr condition in the initially fully austenitic state were executed at 
frequencies of 1 Hz and 50 Hz at R = 0.1. The development of εmean, Δεpl/2 and ΔT over the 
test period is depicted in Fig 5.31. The εmean and Δεpl/2 were obtained directly from stress-
strain hysteresis loops according schematically showed in Fig. 2.1. The diagram shows 
different curve progressions for εmean and Δεpl/2 for each test frequency. Lower test frequency 
leads to higher mean strains, lower plastic strain amplitudes and higher fatigue strength. One 
can see a steep increase of εmean accompanied by a remarkable increase of Δεpl/2 in the first 
load cycles of the first stress step at both test frequencies. This behavior is, however, more 
pronounced at lower frequency. Moreover, during the experiments a cyclic creep is 
continuously observed. This cyclic creep takes place because plastic deformation during 
a) b) 
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tensile loading is not opposed by an equal amount of yielding promoted by a compressive 
loading. This phenomenon is typical for unsymmetrical loading condition and is more 
pronounced at mean strains in tensile range [11]. For the following cycles of the first stress 
level, the mean strains still increasing, however it is not as pronounced as in the first cycles. 
For next stress steps, a noticeable increase of εmean in the first load cycles is once again 
observed. Nevertheless, it is not accompanied by a significant increase of Δεpl/2. This 
behavior is explained based on the fact that the specimens were already strained in the 
previous stress steps, which caused a hardening effect. Furthermore, from the stress level 
ζmax = 360 MPa the difference between the mean strain at 1 Hz and 50 Hz starts reducing, 
becoming very similar some load cycles before the specimen rupture at higher stress. This 
behavior likely occurred due to the crack starting and its growth processes in the sample 
tested at higher frequency. Moreover, on the one hand one can observe that the specimens 
loaded at 1 Hz did not fail up to the last stress level (ζmax = 410 MPa), and the increase of 
temperature was lower than 2 K. On the other hand, the specimen tested at 50 Hz failed at 
ζmax = 390 MPa, and the maximum ΔT for this load frequency was only 5.8 K. Therefore, no 
significant increase of temperature took place to suppress the deformation-induced phase 
transformation from austenite to α'-martensite, and the effect from the sample self-heating is 
definitely ruled out. Thereby, the showed differences on cyclic deformation and fatigue 
behavior between the samples cyclically loaded at different frequencies are identified as a true 
frequency effect. 
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Fig. 5.31.  Load-increase tests for type 3 specimens with 2 mm thickness in the without burr 
condition in the initially fully austenitic state and strain measurements. 
Fig. 5.32 and Fig 5.33 show the stress-strain hysteresis loops and mean strain 
measurements, respectively, for tests performed at ζmax = 300 MPa and frequencies of 1 Hz 
and 50 Hz. For both cyclic experiments the increase of specimen temperature was lower than 
2 K. Thus, the influence of specimen heating on the α'-martensite formation is eliminated. An 
explicit correlation between test frequency, εmean and Δεpl/2 is seen. It was observed that for 
the same number of cycles lower test frequency promotes higher εmean and lower Δεpl/2. 
Moreover, during the cyclic test a continuous increase of εmean is observed.  
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Fig. 5.32.  Stress-strain hysteresis loops for 2 mm thick type 3 specimens in the without burr 
condition in the initially fully austenitic state tested at ζmax = 300 MPa. 
 
Fig. 5.33.  Mean strains and ΔT during fatigue tests at constant stress amplitude for 2 mm 
thick type 3 specimens in the without burr condition in the initially fully austenitic 
state tested at ζmax = 300 MPa. 
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Based on an evaluation of the stress-strain hysteresis loops from purely reversal 
loading condition (R = -1) of the metastable austenitic stainless steel type AISI 304 presented 
in [1], a symmetrical cyclic deformation behavior promoted by tensile and compressive 
stresses is observed. The stresses in tensile range promote a plastic strain (εpl, tens), which is 
opposed by a deformation in the same magnitude induced by compressive stresses (εpl, comp) 
provided the material does not show any Bauschinger effect. In this case, the increase of mean 
strain and the accumulation of plastic strains during each loading cycle are not as significant 
as when unsymmetrical cyclic loading is applied. Hence, the cyclic creep does not have a 
pronounced effect. However, for unsymmetrical loading condition the cyclic creep effect is 
observed. Hence, for unsymmetrical loading condition R = 0.1 the mean strain is increased in 
each loading cycle and a cyclic creep effect is observed, as schematically showed in Fig 2.4. 
In the loading cycle 1 a plastic strain range (Δεpl, 1) with a respective mean strain (εmean, 1) is 
created. In the followed loading cycle 2, as the tensile plastic deformation is not opposed by 
compressive stresses, the εmean, 1 is increased by an incremental mean strain (δεmean, 1-2) 
resulting in εmean, 2. For this reason, for the evaluated loading condition (R = 0.1) a different 
behavior regarding the influence of test frequency on the cyclic behavior in comparison to 
symmetrical loading mode (R = -1) occurs, compare for this [2, 93].  
It can be assumed that the cyclic behavior of the investigated material and 
consequently the test results showed in Fig. 5.27 - Fig. 5.29 are also influenced by cyclic 
creep effects. At stress ratio R = 0.1, it is demonstrated in Fig. 5.32 and Fig. 5.33 that the 
cyclic creep effect, manifested  by the accumulation of plastic strains, is more pronounced at 
lower test frequencies. Once the minimum ΔG is reached to promote phase transformation 
from γ-austenite to α'-martensite, the higher the accumulation of plastic strain, the higher the 
Gibbs free energy difference between the two phases, and, therefore, the higher the amount of 
α'-martensite formation [35]. As observed in Fig. 5.31 and Fig. 5.32, higher accumulation of 
plastic strains is generated at lower test frequencies. Hence, higher ΔG is promoted, and, 
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therefore, as showed in Fig. 5.27 - Fig. 5.29, higher volume of α'-martensite and higher 
fatigue strength is achieved. 
5.3.5. The role of surface micro-defects regarding the influence of test frequency on 
fatigue behavior 
5.3.5.1. Fatigue tests at constant stress amplitude 
The investigated metastable austenitic stainless steel shows different cyclic response 
depending on the load frequency, as showed and discussed in the previous sections of this 
work. Moreover, the formation of α'-martensite has a significant impact on the fatigue 
behavior and its formation during cyclic deformation is also influenced by the test frequency. 
So far, α'-martensite formation was only evaluated for polished samples and the volume 
fraction of α'-martensite was solely measured as an incremental value over the highest 
stressed cross section by means of a magneto-inductive test device. An even more pronounced 
effect of the α'-martensite formation during cyclic loading can be expected when surface 
defects or crack-like notches have to be considered. Roth et al. [37] have already proven the 
significance of α'-martensite formation in the vicinity of a crack tip. In order to evaluate how 
the material behaves at different load frequencies regarding the role of surface micro-defects, 
fatigue tests at constant stress amplitudes were performed using 2 mm thick type 3 specimens 
(see Fig. 4.4) in the without burr condition and in the initially fully austenitic state at three 
stress levels for which the test results are shown in Fig 5.34. The cyclic experiments were 
performed by means of resonance pulsation test systems at stress ratio R = 0.1, load 
frequencies of 100 Hz and 1,000 Hz and stress levels of ζmax = 400 MPa, 440 MPa and 480 
MPa. The maximum T reached during the cyclic tests carried out at ζmax = 480 MPa at 100 
Hz and 1,000 Hz was 6.5 K and 18.8 K, respectively. The diagram shows an increasing scatter 
of the test results with decreasing ζmax. This can be explained by the influence of the surface 
relief due to the laser cutting process. The lower the applied stress, the more arbitrary the 
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influence of the inhomogeneously distributed irregular micro-notches at the surface relief 
along the cut edge on the fatigue strength becomes. Since the surface roughness is a randomly 
occurring geometrical discontinuity, the presence of a single very pronounced micro-notch 
determines the number of cycles for crack initiation. Hence, the lower the stress amplitude, 
the lower the probability that a failure-relevant micro-notch initiates a crack and the higher 
the scatter of fatigue test results. In order to get a general idea about the significance of the 
micro-notches related to the laser cutting process applied on the tested fatigue samples, a 
representative number of notch dimension measurements revealed an average maximum 
stress concentration factor throughout the cutting surfaces, calculated according to equation 
(24), of 2.3. The crack initiation for all fatigue tests with laser cut samples occurred without 
exception at the sample surface, irrespective of the stress level and the achieved number of 
cycles. Based on the fatigue test results, it is clear to observe that the lower the load 
frequency, the higher the fatigue strength in case of ζmax = 480 MPa and ζmax = 440 MPa. 
However, for ζmax = 400 MPa the large scatter of fatigue life does no longer allow a clear 
distinction between fatigue lives for test frequencies of 100 Hz and 1,000 Hz. One possible 
explanation for this convergence of fatigue strength for both test frequencies is that for lower 
stresses the differences of α'-martensite volume content formed at different test frequencies is 
less pronounced (see Fig 5.27). In general, due to the surface relief along the laser cut edge, 
lower tolerable stresses are obtained than in the case of the polished specimens (see Fig 5.29). 
The total number of cycles to failure for 90% (P90), 50% (P50) and 10% (P10) of 
survival probability calculated according to [96] when the specimens are fatigued at 
ζmax = 480 MPa at 100 Hz and 1,000 Hz are presented in Table 10. Despite the scatter of test 
results influenced by rough surfaces of laser cut specimens, one can observe that the 
calculated cyclic strength values for the stress level ζmax = 480 MPa differ significantly for 
each probability for tests at 100 Hz and 1,000 Hz. Moreover, there is no overlap in the 
number of cycles to failure in the survival probability range from 10% to 90% at 100 Hz into 
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the same range at 1,000 Hz, demonstrating the statistical relevance of test results. Based on 
that, the influence of test frequency on the fatigue life becomes apparent. Hence, for the laser 
cut samples it can be summarized that the influence of test frequency seems to be dominant in 
the low to high cycle fatigue range while in the high to very high cycle fatigue regime the 
fatigue life determining parameter is the severity of damage that is introduced in the sample 
by means of the failure-relevant micro-notches randomly distributed along the laser cut relief 
surface. 
 
Fig. 5.34.  Fatigue tests on 2 mm type 3 specimens in the without burr condition in the 
initially fully austenitic state performed at 100 Hz and 1,000 Hz. 
Table 10.  Fatigue life for 2 mm thick type 3 specimens in the without burr condition in the 
initially fully austenitic state cyclically loaded at ζmax = 480 MPa at test 
frequencies of 100 Hz and 1,000Hz for P90, P50 and P10. 
Frequency [Hz] 100 1,000 
N° of cycles to failure P90 (×103) 137 78 
N° of cycles to failure P50 (×103)  185 102 
N° of cycles to failure P10 (×103) 250 133 
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6. Conclusions 
The fatigue behavior of sheet-like specimens made of metastable austenitic stainless 
steel type AISI 304 cut by laser beam was investigated. It was shown that the laser cutting 
process produces changes on the surface and subsurface region of the cut edge area. A 
pronounced relief along the cut surface, burr in the underside of the cut edge and, for 4 mm 
and 6 mm thick plates, pores in the interface between the recast layer and base material or 
inside the recast layer are formed. Specimens cut by laser beam show a fatigue limit around 
40% lower in comparison to samples in a macroscopically quasi defect-free state. However, 
even though rougher surfaces are created when thicker plates are cut, the decrease of fatigue 
limit is surprising independent of the specimen thickness. The most significant reduction of 
fatigue life is attributed to the notch effect of the burr. It is followed by the notch effect 
created by the surface relief for 2 mm thick plates or by pores for 4 mm and 6 mm thick 
plates. Nevertheless, an additional surface post-processing to trim the burr makes little sense 
in a manufacturing process with high cutting speed and high efficiency as the laser cutting. 
Instead of this, only an adjustment of the process parameters and changes in the cutting 
procedure can make headway in avoiding or minimizing the formation of dross and pores, 
offering the likely perspective of a significant increase in fatigue strength.  
The laser beam cutting changes the material microstructure in the near surface region 
of the cut edge. A thin layer of recast material along the cut edge is created. This layer has a 
finer structure in comparison to the bulk material, which, in turn, is correlated with a hardness 
increase. This creation of a harder surface on the one hand can have a beneficial impact on 
fatigue strength of the material, however, on the other hand can reduce the defect tolerance. 
The present study gives important information to support laser cutting process optimization in 
order to produce plate-liked shaped parts with higher fatigue strength. This, once achieved, 
can make the use of laser beam cut process feasible to process structural components. This 
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study did not focus in detail on the influence of microstructural changes caused by the laser 
cutting process (extend of recast zone, phase transformation, etc.). Future work must clarify in 
which extend the fatigue strength is influenced by these factors. 
Furthermore, the use of two similar resonance pulsation high-frequency test systems 
and a servo-hydraulic test machine to perform cyclic tests allowed an in-depth study on the 
influence of test frequency and role of micro-notches produced by laser beam cutting on the 
fatigue behavior of metastable austenitic stainless steel AISI 304. The investigation showed a 
strong influence of cyclic creep effects on the material behavior at different loading 
frequencies. Moreover, a clear influence of test frequency was demonstrated for load-increase 
tests as well as for fatigue tests at constant load amplitude. The influence of the test frequency 
proved to be a complex topic, since it is superimposed by as slight temperature increase 
during cyclic loading and the phase transformation from γ-austenite to '-martensite.  
A connection between the phase transformation from γ-austenite to '-martensite, 
which occurs as a result of cyclic deformation, and load frequency was demonstrated. For the 
evaluated unsymmetrical loading condition, lower test frequency promotes a more remarkable 
cyclic creep effect, higher mean strain levels, higher amounts of α'-martensite formation, 
lower plastic strain amplitudes and, therefore, higher fatigue strengths. This positive effect of 
phase transformation occurs due to the overall increase of material strength as a consequence 
of higher strength of the α’-martensite in comparison to the γ-austenite phase. Another 
important effect is the compressive stresses created on the matrix and at the crack tip region 
promoted by the volume expansion from the phase transformation, which can counter act the 
applied tensile load, reducing the effective tensile stress. Moreover, during the cyclic 
experiments plastic strains continue to be accumulated during each loading cycle, which, in 
turn, has an influence on the α'-martensite formation. Based on that, not only the plastic strain 
amplitudes must be taken into consideration during the cyclic loading to evaluate 
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deformation-induced phase transformation of metastable austenitic stainless steels, but also 
mean strains.  
Additionally, for specimens containing surface micro-defects produced by laser beam 
cutting process the influence of test frequency on fatigue behavior depends on the applied 
load level. This influence is dominant in the LCF to HCF range while in the HCF to VHCF 
range the fatigue life determining parameter is the severity of damage that is introduced in the 
sample by means of the failure-relevant micro-notches randomly distributed along the laser 
cut relief surface. Furthermore, it was identified the regions where phase-transformation 
induced by deformation take place. Future work must clarify to which extend the phase 
transformation along the surface containing surface micro-defects and at the crack tip region 
is influenced by the test frequency. 
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Appendix 1 
Drawing of the anti-buckling device used to perform cyclic tests at R = -1 
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